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(URV).	 During	 this	 period,	 I	 held	 a	 grant	 2013PMF-PIPF-09	 from	 the	Martí	 Franquès	
program	(URV).		
This	 thesis	 was	 created	within	 the	 framework	 of	 the	 BIOACTIYEAST	 project	 entitled	
“Production	and	physiological	effects	of	bioactive	compounds	derived	 from	aromatic	
amino	 acids	 in	 yeast	 populations”,	 which	 has	 given	 continuity	 to	 the	 existing	
SYNBIOFERM	project	entitled	“Metabolism	and	protective	effects	of	indole	compounds	
in	yeasts	of	food	interest”.	Both	projects	have	been	funded	by	the	Spanish	Ministry	of	
Economy	 and	 Competitiveness	 (AGL2013-47300-C3-1-R	 and	 AGL2016-77505-C3-3-R,	
respectively).	The	primary	goal	of	 these	 two	projects	was	 to	 improve	our	knowledge	
about	the	synthesis	of	these	bioactive	molecules	by	yeasts	during	alcoholic	fermentation	
by	 studying	 the	 effects	 and	 production	 of	 these	 bioactive	 compounds,	 with	 special	
attention	to	melatonin.	This	molecule	modulates	circadian	rhythms	and	exerts	multiple	
pleiotropic	functions	in	humans.	One	of	these	functions	is	a	powerful	antioxidant	activity	
through	 which	 melatonin	 protects	 against	 oxidative	 stress	 by	 acting	 as	 a	 direct	
scavenger	 to	 detoxify	 free	 radicals	 or	 indirectly	 by	 increasing	 the	 activities	 of	
endogenous	 cellular	 antioxidant	 defenses.	 Melatonin	 has	 recently	 been	 detected	 in	
wine,	and	as	is	the	case	for	other	indolic	compounds,	it	seems	to	come	mostly	from	the	














Objective	 1:	 Analysis	 of	 tolerance	 to	 oxidative	 stress	 in	 Saccharomyces	 and	 non-
Saccharomyces	yeasts.	(Chapters	1	and	3)	
To	 complete	 this	 objective,	 the	 yeast	 response	 to	 oxidative	 stress	 (as	 induced	 with	
hydrogen	peroxide,	H2O2)	was	evaluated	in	S.	cerevisiae	and	non-Saccharomyces	strains.	
The	 non-Saccharomyces	 strains	 belonged	 to	 the	 following	 four	 wine	 yeast	 species:	
Torulaspora	 delbrueckii,	 Metschnikowia	 pulcherrima,	 Starmerella	 bacillaris	 and	
Hanseniaspora	 uvarum.	 In	 Chapter	 1,	 we	 focused	 primarily	 on	 changes	 in	 the	 lipid	
composition	as	one	of	the	primary	components	of	biological	membranes	and	its	relation	
to	 the	 tolerance	 of	 the	 different	 Saccharomyces	 and	 non-Saccharomyces	 strains	 to	
oxidative	stress	from	hydrogen	peroxide	(H2O2).	Fatty	acids	(FAs)	and	the	composition	
of	 individual	 sterols	 were	 analyzed	 by	 gas	 liquid	 chromatography	 (GLC	 and	 GC-MS,	
respectively).	 Phospholipids	 (PLs)	 were	 separated	 by	 two-dimensional	 thin	 layer	
chromatography	(TLC)	and	quantified	by	estimating	the	amount	of	phosphates	in	each	
PL.	 	 Additionally,	 the	 H2O2	 resistance	 of	 these	 strains	 was	 assessed	 using	 the	 agar	
diffusion	method,	and	the	production	of	ROS	species	was	tracked	by	flow	cytometry.		
In	Chapter	3,	the	lipis	damage	produced	by	oxidative	stress	in	Saccharomyces	and	non-
Saccharomyces	 strains	 was	 evaluated	 by	 measuring	 lipid	 peroxidation	 using	
thiobarbituric	acid	reacting	substances	(TBARS).	Furthermore,	the	catalase	activity	and	
peroxisomes	 proliferation	 were	 determined	 by	 measuring	 the	 decrease	 in	 H2O2	
absorbance	 at	 240	 nm	 and	 performing	 a	 western	 blot	 analysis	 against	 Fox1p,	
respectively.	
	





of	 S.	 cerevisiae	 (QA23)	 by	 measuring	 the	 ROS	 production	 using	 flow	 cytometry,	 by	
measuring	the	intracellular	levels	of	reduced	and	oxidized	glutathione	by	fluorescence	




systems	 such	 as	 glutathione,	 catalase,	 superoxide	 dismutase,	 glutaredoxin	 and	
thioredoxin	by	qPCR.	In	addition,	in	Chapter	4,	we	performed	a	transcriptomic	analysis	
in	the	same	strain	(QA23)	to	create	a	global	approach	to	the	primary	genes	or	families	






Objective	 3:	 Evaluation	 of	 the	 role	 of	 melatonin	 as	 an	 antioxidant	 in	 non-
Saccharomyces	yeasts.	(Chapter	3)	
To	complete	this	objective,	the	possible	antioxidant	effect	of	melatonin	was	studied	in	
four	 non-Saccharomyces	 species	 (T.	 delbrueckii,	M.	 pulcherrima,	 S.	 bacillaris	 and	H.	







CHAPTER	2:	Melatonin	 reduces	oxidative	 stress	damage	 induced	by	hydrogen	
peroxide	 in	 Saccharomyces	 cerevisiae.	 Results	 published	 in	 Front.	 Microbiol.	
8:1066	(2017).	
CHAPTER	3:	Melatonin	minimizes	the	impact	of	the	oxidative	stress	induced	by	
hydrogen	 peroxide	 in	 Saccharomyces	 and	 non-Saccharomyces	 yeasts.	 Results	
submitted	to	Front.	Microbiol.	
CHAPTER	 4:	 Transcriptomic	 insights	 into	 the	 melatonin	 effect	 on	 oxidative	






















































































































technological	understanding	of	 their	 roles	 in	 this	production	began	 to	emerge	 in	 the	
mid-1800s,	starting	with	the	pioneering	studies	of	Louis	Pasteur	on	the	microbiology	of	
wine	 fermentations,	 which	 demonstrated	 that	 fermentation	 is	 initiated	 by	 living	
organisms.	Although	it	was	a	breakthrough	to	show	that	fermentation	resulted	from	the	
action	 of	 microorganisms,	 this	 finding	 did	 not	 explain	 the	 basic	 nature	 of	 the	
fermentation	process		(Barnett,	2000).	





These	 findings	 opened	 the	 way	 to	 elucidating	 the	 metabolic	 pathways	 of	 alcoholic	










grapes’.	 Since	 then,	 countless	 studies	 have	 focused	 on	 understanding	 the	 ecology,	








must	 	 (Ciani	et	al.,	2010;	 Jolly	et	al.,	2006).	During	 traditional	winemaking,	 there	 is	a	
sequential	succession	of	yeasts	engaged	in	spontaneous	fermentation	(Figure	1).	During	
the	process,	non-Saccharomyces	yeasts	play	a	substantial	role	starting	from	the	vineyard	
until	 S.	 cerevisiae	 establishes	 its	 anaerobic	 conditions	 and	 increases	 the	 ethanol	
concentration	 in	 the	environment,	until	 approximately	until	mid-fermentation	 (Fleet,	
2006).	S.	cerevisiae	is	the	primary	party	responsible	for	the	catalytic	conversion	of	grape	
sugar	 into	 alcohol	 and	 CO2.	 In	 addition,	 this	 species	 plays	 an	 important	 role	 in	 the	
formation	of	secondary	metabolites	and	the	release	of	aroma	precursors	(Bely	et	al.,	





















































































As	 shown	 in	Figure	2,	despite	 the	advantages	of	using	pure	cultures	of	S.	 cerevisiae,	

































energy	and	 reducing	equivalents	 in	 the	 form	of	ATP,	NADH	or	NADPH	and	providing	
building	blocks	to	synthesize	other	biomolecules.	As	shown	in	Figure	3,	both	respiration	
and	 fermentation	 start	 during	 the	 glycolysis	 pathway	 to	 convert	 glucose	 into	 two	
molecules	of	pyruvate	and	ATP.	During	fermentation,	pyruvate	is	transformed	in	ethanol	
without	 producing	 additional	 ATP.	 Conversely,	 the	 NADH	 released	 by	 glycolysis	 is	
recycled	 into	 NAD+	 by	 the	 action	 of	 alcohol	 dehydrogenase,	 which	 catalyzes	 the	























































the	 final	 electron	 acceptor	 in	 the	 respiratory	 chain.	 This	 reduces	 or	 eliminates	 the	






















response	 to	 hypoxic	 and	 anaerobic	 conditions,	 organisms	 have	 developed	 several	
processes	to	optimize	the	utilization	of	oxygen	and	even	reduce	the	dependence	on	the	
presence	 of	 oxygen.	 According	 to	 their	 dependence	 on	 oxygen	 during	 the	 life	 cycle,	
yeasts	 are	 classified	 as:	 (1)	 obligate	 aerobes	 displaying	 exclusively	 respiratory	











During	 the	 winemaking	 process,	 yeasts	 must	 respond	 to	 environmental	 changes	
primarily	 produced	 by	 fluctuations	 in	 the	 dissolved	 oxygen	 concentration,	 pH,	
osmolarity,	ethanol	concentration,	nutrient	starvation	and	temperature.		Furthermore,	
practices	such	as	using	selected	natural	yeasts	have	been	created	and	commercialized	
as	 active	 dry	 yeasts	 to	 use	 as	 an	 inoculum	 for	 must	 fermentations,	 increasing	 the	







































of	the electron transport chain
Enzymatic or
spontaneous dismutation Reaction with Fe2+









The	ADY	 that	 is	used	as	a	 starter	 in	alcoholic	 fermentation	must	be	 functionally	and	
metabolically	active	to	facilitate	the	quick-start	of	the	process	(Poirier	et	al.,	2002).	To	





while	 using	 molasses	 as	 a	 carbon	 source,	 and	 ammonia,	 urea,	 phosphoric	 acid	 and	
magnesium	sulfphate	meet	the	nitrogen,	phosphorous	and	magnesium	requirements	
(Figure	6).	Then,	the	process	 initiates	a	sequence	of	consecutive	batch	and	fed-batch	
fermentations	 in	 increasing	 volumes	 until	 being	 finished	 during	 the	 “commercial”	
fermentation	 (Gómez-Pastor	et	al.,	2011;	 	Degre,	1993;	Chen	and	Chiger,	1985).	This	
















In	 addition,	 as	 cells	 are	 aerated	 to	minimize	 the	 fermentative	process,	 the	oxidative	
stress	is	accentuated.	Nevertheless,	aeration	is	important	for	promoting	the	synthesis	
of	 unsaturated	 fatty	 acid	 and	 ergosterol,	 the	 absence	 of	 which	might	 affect	 plasma	
membrane	 functions,	 increasing	 ethanol	 sensitivity	 (Degre,	 1993).	 Cells	 within	 the	
maturation	 step	 experience	 2	 h	 of	 rest	 time,	 and	 then	 they	 reach	 stationary	 phase,	
during	 which	 they	 accumulate	 metabolites	 such	 as	 glycogen	 and	 trehalose.	 These	
metabolites	will	help	them	to	better	resist	the	rest	of	the	drying	process	and	maintain	a	
suitable	fermentative	capacity	after	rehydration.	At	the	end	of	the	biomass	propagation,	






Cellular	 ageing	 can	 be	 measured	 using	 two	 models	 as	 follows:	 replicative	 ageing	 is	
defined	by	the	number	of	daughter	cells	produced	by	a	mother	cell	before	senescence	




related	 damage	 are	 inherited	 by	 the	 daughter	 cell	 from	 the	 mother	 cell,	 and	 the	
daughter	retains	its	full	replicative	capacity	until	the	end	of	the	RLS	of	the	mother	cell.	
In	the	chronological	model,	damage	is	accumulated	over	time	within	a	non-dividing	cell	
until	 the	cell	 is	no	 longer	able	 to	 re-enter	 the	cell	 cycle	 (Figure	7;	Kaeberlein,	2010).	
Although	 the	 CLS	 has	 a	 negative	 impact	 on	 the	 RLS,	 the	 CLS	 becomes	 increasingly	
significant	during	the	winemaking	process	because	fermentation	is	performed	mostly	
by	 non-dividing	 cells.	 As	 explained	 above,	 modern	 winemaking	 practices	 use	 the	
inoculation	 of	 grape	 juice	 with	 ADY	 at	 high	 concentrations	 to	 initiate	 the	 alcoholic	
fermentation;	 under	 these	 conditions,	 yeast	 divides	 only	 4-6	 times,	 far	 from	 the	 20	
divisions	as	a	mean	of	natural	isolates.	Therefore,	the	RLS	is	not	a	limiting	factor	for	the	














into	 wine	 in	 a	 controlled	 manner,	 with	 the	 aim	 of	 improving	 the	 red	 wine	 color	
development	and	diminish	the	vegetal	aroma,	among	other	effects	(Figure	8).	Thus,	it	is	
not	a	“real”	oxidative	stress,	but	oxygen	does	play	an	important	role;	consequently,	the	
micro-oxygenation	 impacts	 the	 yeast	 redox	 balance,	 releasing	 ROS	 during	 alcoholic	
fermentation	 (Salmon,	2006).	A	correct	addition	of	oxygen	can	confer	higher	cellular	




2006).	Under	anaerobic	 conditions,	 yeast	 growth	normally	 requires	added	oxygen	 to	














































(Costa	 and	 Moradas-Ferreira,	 2001).	 Adaptations	 to	 stress	 conditions	 involve	 early	
responses	to	provide	almost	immediate	protection	against	sublethal	stress	conditions,	
and	late	responses	provide	more	efficient	protection	against	a	severe	stress	and	allow	
cells	 to	 return	 to	non-stress	conditions	 (Figure	9).	Early	 responses	 result	 in	 the	post-
translational	 activation	 of	 pre-existing	 defenses,	 and	 the	 activation	 of	 signal	





during	 normal	 aerobic	 respiration	 but	 also	 after	 exposure	 to	 several	 environmental	
factors.	 It	 not	 only	 generates	 oxidative	 stress	 damage	 but	 also	 serves	 as	 a	 signaling	
molecule	for	the	regulation	of	several	biological	processes	(Veal	et	al.,	2007).		
3.1.	Antioxidant	defense	systems	
Antioxidant	 defense	 systems	 are	 present	 in	 cells	 under	 physiological	 conditions;	
however,	they	confer	a	limited	capacity	to	resist	sudden	oxidative	aggression.	Thus,	cells	






Jamieson,	 1998;	 Moradas-Ferreira	 and	 Costa,	 2000).	 The	 defense	 systems	 include	
several	enzymes	that	are	able	to	remove	oxygen	radicals	and	their	products	and/or	to	
repair	 the	 oxidative	 damage.	 By	 contrast,	 non-enzymatic	 defense	 systems	 consist	 of	
small	molecules	that	act	as	radical	scavengers	(Jamieson,	1998).		
	
	Table	 2.	 The	most	 relevant	 enzymatic	 antioxidant	 systems	 in	 S.	 cerevisiae	 (adapted	 from	 Costa	 and	
Moradas-Ferreira,	 2001;	 Estruch,	 2000;	 Grant,	 2001;	 Jamieson,	 1998;	 Moradas-Ferreira	 et	 al.,	 1996;	
Moradas-Ferreira	and	Costa,	2000;	Walker	and	Van	Dijck,	2006).		
	































































































































the	 SOD2	 gene	 (Jamieson,	 1998).	 Both	 SODs	 catalyze	 the	 disproportionation	 of	 the	
superoxide	anion	into	H2O2,	and	their	activity	requires	redox-active	metal	ions	(Herrero	
et	 al.,	 2008).	 Because	 of	 the	 slower	 growth	 of	 Sod2	 null	mutants	 under	 respiratory	




2008).	 In	 fact,	 Sod1	 mutants	 show	 many	 oxygen-related	 growth	 defects,	 such	 as	
cysteine,	methionine	and	 lysine	auxotrophy,	when	they	are	grown	 in	air.	These	Sod1	












cytosolic	 (Cohen	 et	 al.,	 1988;	 Hartig	 and	 Ruis,	 1986).	 Catalase	 A	 is	 involved	 in	 the	
detoxification	of	the	H2O2	generated	by	acyl-CoA	oxidase	during	fatty	acids	b-oxidation	
in	 peroxisomes.	 The	 role	 of	 catalase	 T	 at	 the	 cytosol	 is	 less	 clear	 because	 null	 Ctt1	











cysteine	 thiols.	 Thus,	 the	 electrons	 of	 thiols	 are	 essential	 for	 peroxidase	 activity.	
Depending	on	 this	 property,	 two	 types	of	 peroxidases	 exist:	 glutathione	peroxidases	
(GPXs),	which	use	GSH,	and	thioredoxin	(TRX)	peroxidases	(also	named	peroxiredoxins	















These	antioxidant	 systems	have	been	described	as	 essential	 under	both	aerobic	 and	
anaerobic	conditions	(Auchère	et	al.,	2008;	Grant,	2001;	Herrero	et	al.,	2008).		
The	 tripeptide	 glutathione	 (g-glutamylcysteinylglycine,	 or	 GSH)	 is	 well	 known	 as	 the	










from	 glutamic	 acid	 and	 cysteine.	 In	 the	 second	 step,	GSH2	 catalyzes	 the	 ligation	 of	
glycine	 with	 the	 dipeptide	 (Grant	 et	 al.,	 1997;	 Izawa	 et	 al.,	 1995;	 Jamieson,	 1998;	
Moradas-Ferreira	et	al.,	1996).	
Glutaredoxins	(GRXs)	are	small	heat-stable	proteins	with	an	active	site	containing	two	
redox-sensitive	 cysteines.	 These	 enzymes	 act	 as	 thiol	 oxidoreductases	 that	 are	
responsible	for	reducing	protein	disulfides	or	glutathione-protein	mixed	disulfides.	The	
GRX	system	also	 includes	NADPH,	and	because	of	GRX,	Glr1	 is	 reduced	by	GSH	using	
electrons	donated	by	NADPH.	GRXs	are	divided	in	two	families.	The	first	one	protects	














Thioredoxins	 are	 small	 oxidoreductases;	 as	 GRXs,	 they	 possess	 two	 redox-sensitive	
cysteines	 in	 their	active	sites.	The	primary	difference	between	them	is	whether	their	
thioredoxins	are	directly	reduced	by	NADPH	through	the	thiorredoxin	reductase	(Trr1,	
Trr2).	 Thus,	 the	 thioredoxin	 system	 consists	 of	 thioredoxins	 (Trx),	 thioredoxin	
reductases	(Trr)	and	NADPH.	Yeasts	possesses	one	thioredoxin	system	in	the	cytoplasm	
(Trx1,	Trx2	and	Trr1)	and	the	other	system	in	the	mitochondria	(Trx3	and	Trr2).	The	Trx3	
oxidation	 state	 might	 depend	 on	 Trr2	 in	 cells	 that	 are	 exposed	 to	 oxidative	 stress,	

















As	 shown	 in	 Figure	 11,	 glutathione,	 glutarredoxins	 and	 thioredoxins	 share	 common	
operational	traits.	The	redox	status	of	GSH	may	provide	a	functional	link	between	the	









Grant,	 2002,	 2005).	 Furthermore,	 thioredoxins	 indirectly	 influence	
glutathione/glutaredoxin	 through	 Yap1	 transcription	 factor,	 which	 regulates	 several	
genes	 involved	 in	 the	 oxidative	 stress	 response,	 including	 genes	 for	 the	 glutathione	
synthesis	(Estruch,	2000).	Oxidation	of	Yap1	avoids	its	export	from	the	nucleus	activating	
then,	the	expression	of	numerous	genes	including	TRR1	and	TRX2.	Thioredoxin	system	
is	 responsible	 for	 reducing	 and	deactivating	 Yap1.	 It	 is	 such	a	 loop	of	 self-regulation	
where	oxidative	stress	activates	Yap1	which	activates	recovery	systems	which	in	turns	





their	 differential	 regulation,	 by	which	 specific	 genes	 increase	 their	 expression	 under	
oxidative	 conditions	 as	 part	 of	 an	 oxidative	 stress	 response	 pathway	 (Table	 4).	 The	
transcription	factors	Yap1,	Skn7,	Msn2	and	Msn4	are	the	primary	regulators	of	the	S.	
cerevisiae	 oxidative	 stress	 response	 and	 of	 cells	 that	 grow	 aerobically.	 The	 Hap1	
transcription	factor	is	also	included	in	this	group,	and	it	regulates	the	genes	encoding	
components	 of	 the	 mitochondrial	 respiratory	 chain	 through	 the	 CGGnnnTAnCGG	
consensus	core	sequence	(Godon	et	al.,	1998;	Costa	and	Moradas-Ferreira,	2001).	Yap1	
is	 a	member	of	 the	Yap	 family	 that	binds	 to	 YRE	 (consensus	 TTACTAA	or	 TGACTAA),	
conferring	 the	ability	 to	 tolerate	oxidants	 such	as	H2O2	 through	 the	up-regulation	of	
genes	 that	 encode	most	of	 the	 antioxidant	 enzymes	and	 components	of	 the	 cellular	














Gene	 Function	 Hydrogen	peroxide	 Respiratory	growth	
Induction	 TF	 Induction	 TF	


























































































































































































































periphery.	 It	 has	 been	 described	 as	 being	 responsible	 for	 detecting	 environmental	
changes	 and,	 more	 specifically,	 acting	 as	 an	 oxidative	 stress	 sensor	 and	 nutritional	





participates	 in	 sensing	 and	 transmitting	 several	 extracellular	 signals	 and	 stresses,	
including	 cell	 wall,	 osmotic,	 mating	 and	 nutritional	 stresses	 (Figure	 12).	 The	 MAPK	
pathway	 includes	 three	components	 that	activate	each	other	 through	 the	 sequential	
phosphorylation	of	specific	residues	of	conserved	motifs	(MAPKKK,	MAPKK	and	MAPK).	
















Although	 CWI	 is	 the	 best-characterized	MAPK	 in	 response	 to	 oxidative	 stress,	 other	
paths	within	MAPK	signaling	modify	the	expression	of	genes	related	to	mating,	the	cell	
cycle	response,	and	osmolality	as	well	as	filamentous	growth	in	response	to	oxidative	
stress	 (Figure	 12,	 Zhao	 et	 al.,	 2015).	 For	 exemple,	 it	 has	 been	 suggested	 that	 H2O2-
mediated	 signaling	 increases	 the	 level	 of	 CDC28	 level,	 favoring	 a	 G2/M	 delay	 and	





































protein	 complexes,	 TORC1	 and	 TORC2,	 which	 are	 encoded	 by	 TOR1	 and	 TOR2,	
respectively.	TORC1	mediates	the	rapamycin-sensitive	signaling	branch,	whereas	TORC2	
signaling	 is	 rapamycin-insensitive	 and	 is	 required	 for	 the	 organization	 of	 the	 actin	








mitochondria	 and	 the	 nucleus	 under	 normal	 and	 dysfunctional	 mitochondrial	










pathway	 at	 the	 Rtg2	 level.	 Mitochondrial	 dysfunction	 leads	 to	 a	 decrease	 in	 the	
intracellular	 ATP	 concentration,	 which	 may	 favor	 Rtg2-Mks1	 interactions	 and	 allow	
Rtg1-Rtg3	 activation.	 One	 target	 of	 the	 RTG	 pathway	 is	 the	 CIT2	 that	 encodes	 a	






The	 RAS/cAMP	 pathway	 acts	 immediately	 downstream	 of	 cAMP-dependent	 protein	
kinase	to	control	adaptations	to	nutrient	limitations.	It	controls	the	reprogramming	of	
the	metabolism	at	the	diauxic	transition	when	glucose	becomes	limiting,	some	of	the	
subsequent	 adaptations	 during	 both	 the	 post-diauxic	 phase,	 when	 cells	 grow	
respiratively	 on	 ethanol,	 and	 entry	 into	 the	 stationary	 phase,	 which	 is	 negatively	
controlled	 by	 the	 RAS/cAMP.	 Thus,	 under	 a	 normal	 carbon	 source,	 the	 pathway	 is	
activated	by	GTPases	called	Ras1	and	Ras2,	which	signal	the	protein	kinases	PKA	and	












As	noted	 at	 the	beginning	of	 the	 section,	 these	 signaling	 routes	 cooperate	with	one	
another	 to	 lead	 to	 the	 best	 response	 according	 to	 the	 needs	 of	 the	 cell.	 Figure	 15	
















Biological	 membranes	 are	 selectively	 permeable	 lipid	 bilayers	 with	 associated	 and	






al.,	 1994;	 van	 der	 Rest	 et	 al.,	 1995).	 Their	 lipid	 component	 has	 a	 vital	 role	 in	 yeast	
tolerance	 to	 oxidative	 stress	 and	 to	 other	 physiological	 stressors	 because,	 under	
unexpected	 changes	 in	 environmental	 conditions,	 lipids	 are	 able	 to	 change	 the	





The	bulk	of	 total	 cellular	 lipids	 is	 found	 in	biological	membranes	and	can	be	 roughly	
divided	into	the	following	classes:	
Ø Fatty	acids	(FAs)		
FAs	 are	 the	 basic	 components	 of	 complex	 lipids.	 Free	 FAs	 are	 carboxylic	 acids	 with	
hydrocarbon	 chains	 that	 vary	 in	 chain	 length.	 Depending	 on	 their	 double	 bonds	












of	 proteins.	 FAs	 also	 play	 a	 role	 in	 cell	 secretion	 and	provide	 energy	 through	 the	b-














Because	 of	 their	 amphiphilic	 characteristic,	 PLs	 serve	 as	 precursors	 and	 structural	
compounds	of	membranes,	and	they	are	the	most	abundant	membrane	lipids	(Ejsing	et	
al.,	2009).	The	structure	of	PLs	is	based	on	a	non-polar	part	(tails),	consisting	of	two	FAs	
attached	 to	 a	 polar	 head	 through	 an	 ester	 bond	 to	 the	 first	 and	 second	 carbons	 of	




(PE),	 phosphatidylcholine	 (PC),	 phosphatidylinositol	 (PI)	 and	 phosphatidylserine	 (PS).	
However,	their	distribution	varies	depending	on	the	organelle,	e.g.,	cardiolipin	(CL)	is	an	
important	minor	PL	predominantly	found	in	the	mitochondria	(Flis	et	al.,	2015;	Joshi	et	





(Exton,	 1994),	 be	 involved	 in	 the	 activity	 of	 membrane	 proteins	 (Fairn	 et	 al.,	 2011;	
Suetsugu	et	al.,	2014),	engage	 in	 fission	and	fusion	events	 (Grillitsch	et	al.,	2014),	be	
involved	in	the	transport	to	the	plasma	membrane	(Opekarová	et	al.,	2002),	maintain	













four	 fused	 rings,	 an	 acyl	 side	 chain	 and	 a	 hydrophilic	 hydroxyl	 group	 that	 facilitates	
insertion	 into	membranes	 (Figure	 18).	 Ergosterol	 serves	many	 of	 the	 functions	 that	
cholesterol	has	 in	animal	cells.	Free	sterols	are	predominantly	present	 in	 the	plasma	

























the	membrane	 (De	 Kroon	 et	 al.,	 2013).	 PC	 usually	 contains	 one	 cis-unsaturated	 acyl	
chain,	such	as	oleic	(C18:1)	acid,	which	lowers	the	packing	density	of	the	acyl	chains	and	
increases	 the	membrane	 fluidity	 (Koynova	and	Caffrey,	1998).	With	 facilitation	by	 its	
cylindrical	 shape	 (Figure	 17),	 PC	 self-assembles	 spontaneously	 into	 closed	 bilayers,	
which	adopts	a	liquid	crystalline	state.	Thus,	PC	provides	a	stable	and	fluid	matrix	for	
cellular	membranes.	 By	 contrast,	 PE	 possesses	 a	 small	 polar	 head	 group,	 and	 it	 is	 a	
conically	shaped	PL	that	imposes	negative	curvature	stress	on	the	membrane.	The	non-
bilayer	propensity	of	PE	increases	with	acyl	chain	unsaturation,	creating	lipid	packaging	
defects	 that	 facilitate	 membrane	 fusion	 and	 influence	 the	 binding	 and	 activity	 of	
peripheral	membrane	proteins	(Holthuis	and	Menon,	2014;	Marsh,	2007;	Frolov	et	al.,	




2016).	 The	 double	 bonds	 introduce	 kinks	 that	 lower	 the	 packing	 density	 of	 the	 acyl	
chains	and	inhibit	the	transition	of	the	membrane	from	fluid	to	solid	gel	phases.	
By	contrast,	sterols	rigidify	fluid	membranes	by	reducing	the	flexibility	of	unsaturated	
acyl	 chains	 and	 increasing	 the	 membrane	 thickness	 and	 impermeability	 to	 solutes	
(Brown	 and	 London,	 1998).	 High	 levels	 of	 packing	 defects	 are	 found	 in	 lipids	 with	
unsaturated	acyl	chains	and	small	head	groups.	The	surface	charge	is	determined	by	the	







chain	 ratio	 (creating	a	cone	shape)	 induce	a	negative	curvature.	Lipids	with	an	equal	
head-to-chain	ratio	(creating	a	cylinder	shape)	are	neutral,	and	those	with	a	much	larger	
















Lipid	 metabolism	 is	 quite	 complex	 and	 involves	 a	 very	 large	 number	 of	 metabolic	
reactions	 in	 different	 cellular	 compartments,	 resulting	 in	 the	 formation	 of	 a	 diverse	
group	of	chemical	compounds.	Despite	the	wide	chemical	variety	of	lipids,	they	all	have	
the	 same	 key	 carbon	 precursor,	 acetyl-CoA,	 and	 all	 of	 the	 initial	 steps	 of	 lipid	
biosynthesis	occur	in	the	cytosol	(Figure	20;	Nielsen,	2009).	
The	 lipid	 biosynthesis	 pathway	 involves	 the	 decarboxylation	 of	 pyruvate	 into	
acetaldehyde,	 which	 is	 then	 converted	 into	 acetate	 and	 acetyl-CoA.	 Although	




sufficient	 acetaldehyde	 is	 converted	 to	 acetyl-CoA	 to	 ensure	 an	 efficient	 lipid	
biosynthesis.	Furthermore,	this	pathway	is	functional	under	fully	respiratory	conditions	
(Ernst	 et	 al.,	 2016;	Nielsen,	 2009).	 Lipid	biosynthesis	 basically	 involves	 two	branches	
from	 acetyl-CoA:	 one	 leading	 to	 sterols	 and	 the	 other	 leading	 to	 FAs	 that	 serve	 as	




In	 the	 branch	 towards	 sterols,	 the	 first	 step	 is	 the	 condensation	 of	 two	 acetyl-CoA	
molecules	that	yield	acetoacetyl-CoA.	Later,	after	several	reactions,	squalene	is	formed	
from	 two	 molecules	 of	 farnesyl	 pyrophosphate	 (FPP),	 and	 through	 several	 oxygen-
dependent	reactions,	squalene	 is	 transformed	 into	 lanosterol,	zymosterol,	 fecosterol,	
episterol	and	ergosterol,	which	is	finally	synthesized	in	the	endoplasmic	reticulum	(ER)	
and	is	then	transported	to	the	plasma	membrane	to	prevent	its	accumulation	(Baumann	
et	 al.,	 2005).	 In	 the	 other	 branch	 of	 lipid	 biosynthesis,	 acetyl-CoA	 is	 converted	 into	
malonyl-CoA,	which	serves	as	a	precursor	for	further	FA	synthesis	reactions,	as	catalyzed	
by	FA	synthetases	(FAS).	The	primary	product	of	FAS	is	palmitic	acid	(C16:0),	which	can	
























peroxidation	 process	 in	 which	 unsaturated	 lipids	 are	 converted	 into	 polar	 lipid	
hydroperoxides.	 ROS,	 in	 particular	 hydroxyl	 radical,	 react	with	 lipid	membranes	 and	
generate	 reactive	 aldehydes,	 including	 malondialdehyde	 (MDA)	 and	 4-hydroxy-2-
nonenal	(HNE),	in	three	phase	reactions	(Figure	21).	PLs	are	particularly	susceptible	to	
the	 oxidative	 damage	 mediated	 by	 ROS	 due	 to	 their	 polyunsaturated	 FAs	 (PUFAs)	
content,	which	are	more	sensitive	to	peroxidation	than	monounsaturated	FAs	(MUFAs)	














and	phase	 transitions	 through	 lipid	 composition	modification.	 These	 changes	 in	 lipid	
composition,	which	are	used	by	yeasts	as	a	defense	mechanisms,	are	fundamental	for	
maintaining	 membrane	 integrity	 and	 functionality	 after	 stress	 exposure	 and	 for	









changes	 in	 the	 systems	 responsible	 for	 repairing	 the	 H2O2-induced	 damage	 in	 S.	
cerevisiae.		
Alterations	 in	yeast	during	the	stress	 tolerance	reactions	 induced	by	H2O2	have	been	
observed	to	decrease	the	long	chain	fatty	acid	unsaturation,	basically	through	decreased	
levels	of	oleic	acid.	These	changes	end	with	a	decrease	in	the	fluidity	and	permeability	

















the	 transcriptional	or	post-transcriptional	modification	of	desaturases	 (Cossins	et	 al.,	
2002).	 An	 increase	 in	 the	 UFA	 percentage	 within	 yeast	 cells	 was	 correlated	 with	 a	




cellular	 growth	 has	 lower	 levels	 of	 total	 lipids,	 decreased	 phospholipids	 and	 sterol	
components,	and	 increased	hydrocarbon	content.	Oxygen	deficiency	 is	 recognized	as	
the	reason	for	sterol	and	UFA	auxotrophy	in	S.	cerevisiae	(Rattray	et	al.,	1975;	Rosenfeld	




For	many	years,	 yeasts	have	been	 recognized	as	 a	 source	of	 antioxidant	 compounds	
(Forbes	et	al.,	1958).	More	recently,	knowledge	of	natural	antioxidant	compounds	has	
been	directed	to	the	screening	of	microbial	sources	to	replace	the	synthetic	ones	that	
are	 currently	 in	 use	 as	 food	 antioxidants.	 For	 this	 reason,	 yeast	 constituents	 are	
considered	as	compounds	that	possess	nutritional	value	for	humans	and	higher	animals.	
The	interest	of	antioxidant	compounds	of	wine	started	in	1992	with	the	publication	of	
the	 “French	Paradox”	 theory	 in	which	Renaud	and	de	 Lorgeril	 associated	 the	French	
habit	 to	 drink	 red	 wine	 with	 lower	 mortality	 from	 heart	 disease	 caused	 by	 high	
consumption	of	saturated	fats.	Since	then,	regular	moderate	wine	consumption	in	the	












known	as	a	neurohormone	because	 it	was	originally	believed	 that	 this	molecule	was	
unique	to	the	pineal	gland	of	vertebrates.	However,	over	the	last	two	decades,	it	has	
been	identified	in	a	wide	range	of	invertebrates,	plants,	bacteria	and	fungi	(Hardeland	
and	 Poeggeler,	 2003).	 Therefore,	 melatonin	 is	 currently	 considered	 a	 ubiquitous	
molecule	that	is	present	in	most	living	organisms.	









antioxidant	 and	 anti-inflammatory	 activities;	 and	 even	 the	 modulation	 of	 neural,	
endocrine	 and	 immune	 functions	 (Eghbal	 et	 al.,	 2016;	 Romero	 et	 al.,	 2014).	 Thus,	




measured	 this	 indolamine	 in	all	 berry	 tissues	 (Vitalini	 et	 al.,	 2011).	 Furthermore,	 the	
melatonin	 concentration	 in	 grapes	 has	 been	 observed	 to	 be	 dependent	 on	 the	



































Melatonin	 is	 primarily	 synthetized	 and	 secreted	 in	 the	 pineal	 gland	 located	 in	 the	
epithalamus,	near	the	center	of	the	brain	between	both	hemispheres	(Figure	23).			







ganglia	 (SGC)	 through	 a	 multisynaptic	 pathway.	 The	 noradrenaline	 liberated	 from	
postganglionic	 fibers	 binds	 to	 adrenoceptors	 in	 the	 membrane	 of	 the	 pinealocyte,	




is	 captured	 from	 the	 bloodstream	 and	 hydroxylated	 enzymatically	 by	 tryptophan	





serotonin	 and	 the	 subsequent	 N-acetylation	 of	 5-methoxytryptamine	 or	 by	 the	 O-
methylation	of	tryptophan	followed	by	decarboxylation	and	N-acetylation	(Hardeland	
et	al.,	1993;	Sprenger	et	al.,	1999;	Tan	et	al.,	2007).	Melatonin	is	then	released	into	the	
vascular	 system	 to	 access	 the	 remaining	 tissues	 and	 exert	 its	 pleiotropic	 functions	
(Guerrero	et	al.,	2007).	




to	 the	 need	 to	 produce	 and	 regulate	 melatonin	 in	 a	 circadian	 manner	 by	 neural	
information	from	light	perception.			

























Through	 a	 wide	 variety	 of	 different	 means,	 melatonin	 is	 exceptionally	 efficient	 in	
decreasing	 oxidative	 stress	 under	 a	 remarkably	 large	 number	 of	 circumstances.	
Furthermore,	it	is	important	to	highlight	that	melatonin	oxidation	leads	to	the	formation	
of	other	metabolites	that	are	also	biologically	active,	such	as	cyclic	3-hydroxymelatonin	





The	 multiple	 actions	 of	 melatonin	 and	 its	 metabolites	 against	 oxidative	 stress	 are	
summarized	in	Figure	24.		
Due	to	its	amphiphilic	nature,	melatonin	easily	reaches	cell	compartments,	such	as		the	
nucleus	 and	 mitochondria,	 where	 it	 is	 able	 to	 act	 as	 a	 direct	 scavenger	 of	 oxygen-
centered	radicals	and	toxic	ROS	(Hardeland	et	al.,	1993,	1995;	Hardeland	and	Rodríguez,	
1995).	In	addition,	melatonin	can	indirectly	reduce	oxidative	stress	by	stimulating	the	
production	 and	 activation	 of	 endogenous	 antioxidant	 enzymes,	 interacting	
synergistically	with	other	antioxidants	to	increase	the	antioxidant	efficiency	(Antolín	et	




and	 subcellular	 levels.	 Melatonin	 stabilized	 biological	 membranes,	 especially	 at	 the	
mitochondrial	 level;	 it	 protected	 DNA	 against	 oxidation	 and	 prevented	 cellular	
apoptosis.	Furthermore,	 these	antioxidant	properties	may	be	applicable	 to	situations	



































Synergizes with other antioxidants
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Oxidative	 stress	 is	 a	 common	 stress	 in	 yeasts	 during	 the	 stages	 of	 the	 winemaking	
process	in	which	aerobic	growth	occurs,	and	it	can	modify	the	cellular	lipid	composition.	
The	 aim	 of	 this	 study	 was	 to	 evaluate	 the	 oxidative	 stress	 tolerance	 of	 two	 non-
conventional	 yeasts	 (Torulaspora	 delbrueckii	 and	 Metschnikowia	 pulcherrima)	
compared	 to	Saccharomyces	 cerevisiae.	 Therefore,	 their	 resistance	 against	H2O2,	 the	
ROS	production	and	the	cellular	 lipid	composition	were	assessed.	The	results	showed	
that	 the	 non-Saccharomyces	 yeasts	 used	 in	 this	 study	 exhibited	 higher	 resistance	 to	
H2O2	 stress	and	 lower	ROS	accumulation	 than	Saccharomyces.	Regarding	 the	cellular	
lipid	 composition,	 the	 two	non-Saccharomyces	 species	 studied	here	displayed	a	high	
















changes	 is	 very	 important	 within	 the	 biotechnological,	 pharmaceutical,	 food	 and	





species	 (ROS)	 and	 the	 capacity	 of	 cells	 to	 detoxify	 these	 reactive	 intermediates	 of	
molecular	oxygen,	or	to	repair	the	resulting	damage.	Disturbances	in	the	normal	redox	
state	 of	 cells	 can	 damage	 all	 of	 their	 components,	 including	 lipids,	 carbohydrates,	
proteins	and	nucleic	acids,	and	they	may	even	induce	programmed	cell	death	(Moradas-
Ferreira	 et	 al.,	 1996;	 Costa	 and	Moradas-Ferreira,	 2001;	 Gibson	 et	 al.,	 2008). Under	
normal	physiological	conditions,	yeasts	are	able	to	effectively	defend	themselves	against	
the	 direct	 consequences	 of	 stress	 exposure	 and	 damage	 by	 immediate	 cellular	










in	 yeast	 (Daum	 et	 al.,	 1998;	 Klug	 and	 Daum,	 2014).	 Membrane	 dysfunction	 can	 be	
associated	 with	 a	 loss	 of	 viability	 (Avery,	 2011).	 Excessive	 ROS	 production	 can	
overwhelm	 the	 detoxifying	 mechanism	 and	 initiate	 changes	 in	 the	 lipid	 layers	








membrane	 disintegration	 and	 cell	 death.	 However,	 lethal	 consequences	 are	 not	
systematically	observed	because	yeasts	are	able	to	compensate	for	these	changes	by	






are	 structurally	 and	 functionally	 dependent	 on	 the	 growth	 conditions,	 e.g.,	









complete	 the	 alcoholic	 fermentation,	 several	 studies	 have	 demonstrated	 that	 some	
non-Saccharomyces	 yeasts	 such	 as	 Torulaspora	 delbrueckii	 and	 Metschnikowia	
pulcherrima	used	with	sequential	 inoculation	techniques,	can	positively	contribute	to	
the	 aroma	 profile,	 sensory	 complexity	 and	 color	 stability	 of	 the	 resulting	 product	


















The	yeast	 strains	used	 in	 this	 study	were	as	 follows:	 two	strains	of	S.	 cerevisiae	 (the	
laboratory	 strain	 BY4742,	 (EUROSCARF	 collection,	 Frankfurt,	 Germany)	 and	 a	
commercial	 wine	 strain	 (QA23Ò)),	 two	 strains	 of	 Torulaspora	 delbrueckii	 (BIODIVAÒ	
(TdB)	and	Tdp)	and	two	strains	of	Metschnikowia	pulcherrima	(FLAVIAÒ	(MpF)	and	Mpp).	












Yeast	 resistance	 to	H2O2	was	assessed	using	 the	agar	diffusion	method	 (Bauer	et	al.,	

















to	 H2O2).	 Three	 biological	 replicates	 were	 set	 up	 for	 each	 condition.	 An	 ROS	
determination	was	performed	according	 to	 the	method	described	by	Vázquez	 et	 al.,	
(2017)	using	dihydrorhodamine	123	(DHR	123;	Sigma-Aldrich)	as	an	ROS	indicator.	
2.4. Experimental	conditions	for	lipid	analysis	
























Rubmayer	et	 al.,	 (2015).	 In	brief,	 the	 total	 FAs	 from	 lipid	extracts	 (1	mg	of	 total	 cell	
protein)	were	converted	to	methyl	esters	by	methanolysis	with	sulfuric	acid	 (2.5%	 in	
methanol	 (v/v))	 and	heating	 at	 80	 ºC	 for	 90	min.	 These	 FA	methyl	 esters	were	 then	
extracted	twice	with	light	petroleum	and	water	(3:1;	v/v)	by	shaking	on	a	VibraxÒ	orbital	
shaker	(IKA,	Staufen,	Germany)	for	30	min,	and	separated	by	GLC	on	a	Hewlett-Packard	
6890	 gas-chromatograph	 (Agilent	 Technologies,	 CA,	 USA)	 using	 an	 HP-INNOWax	
capillary	column	(15	m	x	0.25	mm	x	0.50	µm	film	thickness)	with	helium	as	a	carrier	gas.	
Finally,	 the	 FAs	 were	 identified	 by	 comparing	 with	 a	 commercial	 FA	 methyl	 ester	
standard	mix	(NuCheck,	Inc.,	MN,	USA)	and	quantified	using	pentadecanoic	acid	(C15:0,	




















































At	 lower	concentrations	of	H2O2	 (0.3%),	only	BY4742	showed	a	small	 inhibition	halo,	
while	exposure	to	higher	concentrations	of	H2O2	(15%	and	30%)	resulted	in	an	increase	
in	the	sizes	of	inhibition	haloes	for	all	the	strains	(Figure	S1).	As	with	the	3%	(v/v)	H2O2,	














of	ROS	 (Figure	2B)	 followed	by	QA23	(Figure	2A)	and	the	non-Saccharomyces	 strains	





in	 a	 gradual	 increase	 in	 ROS	 accumulation	 in	 S.	 cerevisiae.	 Instead,	 in	 non-





after	 6	 h	 of	 growth	 in	 a	 rich	 medium	 to	 study	 the	 differences	 in	 lipid	 composition	
between	the	three	species	used	here	(S.	cerevisiae,	T.	delbrueckii	and	M.	pulcherrima).	
The	 cells	 were	 then	 subjected	 to	 oxidative	 stress	 (2	 mM	 of	 H2O2),	 and	 the	 lipid	
composition	of	these	six	strains	was	analyzed	after	18	h	to	determine	how	the	different	
species	 could	 modify	 their	 lipid	 composition	 to	 better	 resist	 the	 oxidative	 stress	
exposure.	
Fatty	acid,	phospholipid	and	sterol	composition	before	stress	exposure	
FAs	 typically	 make	 up	 parts	 of	 complex	 lipids,	 and	 they	 are	 important	 structural	
components	of	biological	membranes.	An	FA	analysis	of	the	total	cell	extracts	showed	
differences	 between	 the	 species	 (Table	 1).	 In	 the	 S.	 cerevisiae	 strains	 (QA23	 and	
BY4742),	MUFAs	(palmitoleic	(C16:1)	and	oleic	(C18:1)	acids)	and	palmitic	acid	(C16:0)	
represented	 almost	 90%	 of	 the	 FA	 in	 the	 cell	 extracts.	 By	 contrast,	 the	 non-
Saccharomyces	 strains	 contained	 a	 lower	 percentage	 of	 C16:1	 (especially	 in	 the	M.	
pulcherrima	strains),	which	was	compensated	by	the	presence	of	linoleic	acid	(C18:2),	a	
PUFA.	Moreover,	in	the	case	of	the	M.	pulcherrima	strains,	a	low	percentage	of	linolenic	
acid	 (C18:3)	was	also	present.	As	a	result	of	 this	 fatty	acid	pattern,	 the	T.	delbrueckii	
strains	presented	higher	UFA/SFA	ratios	than	the	other	studied	species.	
PLs	 are	 major	 structural	 components	 of	 cell	 membranes	 and	 are	 essential	 for	 vital	
cellular	 processes.	 The	 PL	 percentages	 of	 the	 homogenates	 showed	 a	 similar	
composition	 in	 all	 the	 studied	 yeasts,	 with	 phosphatidylcholine	 (PC)	 and	
phosphatidylethanolamine	(PE)	representing	approximately	50%	and	24%	of	the	total	
PLs,	respectively	(Table	1).	However,	there	were	also	small	shifts	in	some	PLs	between	


























Myristic (C14:0) acid 2.58 ± 0.34a 2.45 ± 0.59a 1.30 ± 0.34b 1.55 ± 0.09b 0.98 ± 0.02c 0.89 ± 0.30c 
Palmitic (C16:0) acid 23.17 ± 1.75a 23.55 ± 0.67a 18.30 ± 0.30b 20.03 ± 0.26c 23.27 ± 1.47a 21.76 ± 0.80a,d 
Palmitoleic (C16:1) acid 36.29 ± 3.14a 42.64 ± 0.63b 21.14 ± 2.28c 19.81 ± 0.21c 2.95 ± 0.09d 3.69 ± 0.72d 
Stearic (C18:0) acid 7.64 ± 1.57a 8.36 ± 1.16a 8.09 ± 0.19a 7.40 ± 0.56a 9.37 ± 0.34a 8.62 ± 0.19a 
Oleic (C18:1) acid 30.32 ± 0.53a 22.99 ± 1.14b 24.21 ± 0.52b 25.59 ± 0.86b,c 17.21 ± 0.61d 26.43 ± 1.10b,c 
Linoleic (C18:2) acid n.d. n.d. 26.95 ± 2.21a 25.63 ± 0.26a 40.17 ± 1.29b 34.67 ± 1.05d 
Linolenic (C18:3) acid n.d. n.d. n.d. n.d. 6.05 ± 0.16a 3.95 ± 0.15b 
Total FAs # 86.25 ± 1.14a 87.84 ± 1.48a 76.53 ± 9.34a 91.9 ± 2.72a,b 65.75 ± 6.17c 80.49 ± 0.80a,d 
C16:1/ C18:1 1.20 ± 0.08a 1.86 ± 0.12b 0.87 ± 0.11c 0.77 ± 0.03c 0.17 ± 0.00d 0.14 ± 0.03e 
UFA/SFA 2.01 ± 0.33a 1.91 ± 0.04a 2.61 ± 0.06b 2.45 ± 0.05b 1.98 ± 0.16a 2.20 ± 0.13a 













(Phosphatidylinositol) 12.49 ± 1.31
a 12.19 ± 0.61a 14.63 ± 2.01a 12.93 ± 1.13a 10.10 ± 0.46b 8.94 ± 1.44b 
PS 
(Phosphatidylserine) 4.01 ± 0.21
a 6.19 ± 0.76b 5.82 ± 1.61a,b 5.22 ± 1.29a,b 6.45 ± 1.42b 6.91 ± 0.63b,c 
PC 
(Phosphatidylcoline) 43.47 ± 0.51
a 40.63 ± 1.07b 44.23 ± 1.55a 46.65 ± 2.00a 44.10 ± 4.56a 51.53 ± 0.93c 
PE 
(Phosphatidylethanolamine) 24.61 ± 1.38
a 24.07 ± 1.66a 23.34 ± 2.64a 23.32 ± 4.19a 21.71 ± 0.17a,b 20.39 ± 1.03b 
CL 
(Cardiolipin) 5.66 ± 0.23
a 2.86 ± 0.18b 6.02 ± 1.33a 6.87 ± 1.24a 7.03 ± 0.23a,c 4.71 ± 0.94a 
DMPE (Dimethyl-
phosphatidylethanolamine) 3.76 ± 1.12
a 5.39 ± 0.10b 0.99 ± 0.25c 1.18 ± 0.62c 1.60 ± 0.37c 1.02 ± 0.36c 
PA 
(Phosphatidic acid) 2.00 ± 0.28
a 4.48 ± 2.57a 4.18 ± 1.27a,b 3.39 ± 1.37a 4.67 ± 0.67a,b 3.75 ± 0.11a,b 
LP 
(Lysophospholipids) 4.01 ± 0.21
a 4.19 ± 2.06a 0.79 ± 0.25b 0.43 ± 0.54b 4.35 ± 1.48a 2.75 ± 0.29a,c 
PI/PS 3.11 ± 0.16a 2.00 ± 0.34b 2.56 ± 0.36b 2.52 ± 0.40b 1.61 ± 0.43b,c 1.31 ± 0.33c 





Squalene 18.51 ± 2.41a 2.91 ± 0.52b 33.15 ± 3.19c 36.37 ± 3.93c 6.24 ± 0.09d n.d. 
Zymosterol 16.78 ± 0.80a 8.39 ± 0.29b 4.16 ± 0.56c 6.15 ± 1.19d 0.91 ± 0.33e n.d. 
4-methylzymosterol 1.21 ± 0.08a n.d. n.d. 1.71 ± 0.87a n.d. n.d. 
Fecosterol 6.48 ± 0.05a 14.11 ± 0.32b 9.36 ± 0.37c 6.02 ± 0.07d n.d. 2.24 ± 1.16e 
14-methylfecosterol n.d. n.d. n.d. 1.17 ± 0.10 n.d. n.d. 
Episterol 1.38 ± 0.06a n.d. 1.08 ± 0.07b 4.51 ± 0.89c n.d. n.d. 
Lanosterol 2.75 ± 0.04a 3.72 ± 0.22b 11.26 ± 1.31c 5.67 ± 0.89d 3.91 ± 1.32a,b,d 1.22 ± 1.03e 
Ergosterol 52.89 ± 1.58a 70.88 ± 0.77b 40.99 ± 2.00c 38.39 ± 1.70c 88.95 ± 1.56d 96.54 ± 1.89d 
Total sterols # 26.92 ± 0.69a 16.52 ± 0.40b 27.94 ± 0.87a 24.97 ± 4.69a 3.78 ± 0.86c 8.16 ± 0.50d 
Ergosterol/Squalene 2.88 ± 0.46a 24.78 ± 4.71b 1.24 ± 0.18c 1.07 ± 0.16c 13.95 ± 0.05d - 
# (µg/ mg protein)  
*UI, unsaturation index. The unsaturation index was defined as follows: ((percentage of C16:1 + percentage of C18:1) + 2(percentage of 











ergosterol.	 Instead,	 the	 T.	 delbrueckii	 strains	 exhibited	 the	 lowest	 percentage	 of	
ergosterol	(38-40%)	and	the	highest	levels	of	squalene	(33-36%)	and	lanosterol	(6-11%).	
For	S.	cerevisiae,	 the	strains	used	 in	this	study	showed	significant	differences	 in	their	













S.	 cerevisiae	 (Table	2),	unlike	what	we	observed	under	 the	control	 conditions.	These	
variations	 resulted	 in	 a	 higher	 UFA/SFA	 ratio	 and	 a	 lower	 UI	 in	 non-Saccharomyces	
species	(Figure	3	and	Table	2).	
The	PL	composition	was	 slightly	affected	by	 stress,	but	 the	 total	PL	profile	 remained	
similar	between	species	(Table	2).	The	PC	and	PE	persisted	as	the	primary	PLs	in	all	the	
yeast	 strains,	and	although	all	 the	strains	 showed	 increased	PC/PE	 ratios	after	 stress	
(Figure	3),	 this	 increase	was	statistically	higher	 in	the	TdB	and	Mpp	strains	(Table	2).	
Moreover,	the	PI/PS	ratio	decreased	in	non-Saccharomyces	strains	but	increased	greatly	







increased	 the	 CL	 content	 under	 these	 conditions	 (Figure	 3).	 Moreover,	 both	 M.	
pulcherrima	strains	showed	significantly	decreased	amounts	of	lysophospholipids	(LP),	
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Myristic (C14:0) acid 2.03 ± 0.71a 2.35 ± 0.35a 1.83 ± 0.19a 1.68 ± 0.09a,b 1.12 ± 0.07c 0.68 ± 0.16d 
Palmitic (C16:0) acid 19.88 ± 0.20a,* 23.63 ± 0.73b 13.94 ± 2.11c,* 15.18 ± 0.08c,* 21.75 ± 0.93b 17.17 ± 0.63c,* 
Palmitoleic (C16:1) acid 40.44 ± 0.33a,* 43.28 ± 0.89b 33.32 ± 0.58c,* 31.07 ± 0.02d,* 10.81 ± 0.45e,* 8.59 ± 0.29f,* 
Stearic (C18:0) acid 6.61 ± 0.86a 8.47 ± 1.05a 3.91 ± 0.41b,* 4.03 ± 0.02b,* 4.14 ± 0.61b,* 3.48 ± 0.08b,c* 
Oleic (C18:1) acid 30.53 ± 0.32a 22.27 ± 1.25b 39.96 ± 1.24c,* 41.98 ± 0.73c,* 31.28 ± 1.16a,* 52.23 ± 0.56d,* 
Linoleic (C18:2) acid n.d. n.d. 7.03 ± 0.89a,* 6.07 ± 0.76a,* 30.00 ± 0.80b,* 17.32 ± 0.39c,* 
Linolenic (C18:3) acid	 n.d. n.d. n.d. n.d. 0.90 ± 0.16a,* 0.54 ± 0.05b,* 
Total FAs #	 86.26 ± 3.70a 68.12 ± 4.15b,* 101.08 ± 0.43c,* 93.42 ± 3.53a 88.02 ± 0.34a,* 74.2 ± 1.43d,* 
C16:1/ C18:1	 1.33 ± 0.00a,* 1.95 ± 0.07b 0.83 ± 0.01d 0.74 ± 0.01e 0.35 ± 0.03f,* 0.16 ± 0.00g 
UFA/SFA	 2.49 ± 0.02a,* 1.91 ± 0.18b 4.13 ± 0.71c,* 3.79 ± 0.00c,* 2.70 ± 0.03d,* 3.69 ± 0.16c,* 













(Phosphatidylinositol)	 15.86 ± 3.40
a 15.83 ± 2.37a,* 14.52 ± 2.82a 13.48 ± 0.50a 7.71 ± 0.46b,* 8.37 ± 0.19a 
PS 
(Phosphatidylserine)	 3.46 ± 0.21
a,* 5.09 ± 0.63b 7.32 ± 1.69b 5.76 ± 1.65a,b 6.35 ± 0.54b 7.37 ± 0.42b 
PC 
(Phosphatidylcoline)	 46.55 ± 2.85
a,* 41.38 ± 1.80b 45.90 ± 2.37a 51.73 ± 1.87b,* 51.12 ± 1.69b,* 53.90 ± 3.05b 
PE 
(Phosphatidylethanolamine)	 23.06 ± 0.54
a 23.82 ± 0.67a 19.73 ± 2.88b,* 21.36 ± 2.97a,b 22.13 ± 1.11b 17.01 ± 1.01c,* 
CL 
(Cardiolipin)	 3.44 ± 0.45
a,* 1.57 ± 0.07b,* 4.67 ± 0.12c,* 4.29 ± 0.22c,* 5.93 ± 0.50c,* 6.64 ± 1.48c 
DMPE (Dimethyl-
phosphatidylethanolamine)	 2.34 ± 0.15
a,* 3.63 ± 0.82b,* 1.61 ± 0.73c 1.28 ± 0.28c 1.10 ± 0.44c 1.62 ± 0.74c 
PA 
(Phosphatidic acid)	 2.87 ± 0.60
a 4.54 ± 0.76a,b 3.97 ± 2.08a,b 1.33 ± 1.37a 3.90 ± 0.70a,b 3.65 ± 0.19a,b 
LP 
(Lysophospholipids)	 2.42 ± 0.27
a,* 4.14 ± 0.11b 1.28 ± 1.07c 0.75 ± 0.80c 1.77 ± 0.06c,* 1.44 ± 0.16c,* 
PI/PS	 4.64 ± 0.35a,* 3.10 ± 0.26b,* 1.99 ± 0.07c,* 2.33 ± 0.13d 1.21 ± 0.03e 1.13 ± 0.09e 





Squalene	 6.37 ± 1.75a,* 11.01 ± 0.86b,* 3.06 ± 0.15c,* 3.34 ± 1.52c,* 2.51 ± 0.49c,* n.d. 
Zymosterol	 13.90 ± 0.57a,* 6.10 ± 1.16b,* 11.48 ± 1.56a,* 9.09 ± 0.27c,* 1.28 ± 0.02d,* n.d. 
4-methylzymosterol	 0.90 ± 0.07a,* n.d. 2.29 ± 0.53b,* 2.77 ± 0.86b,* n.d. n.d. 
Fecosterol	 4.06 ± 0.17a,* 11.09 ± 1.30b,* 11.78 ± 0.21b,* 9.63 ± 0.77b,* n.d. n.d. 
14-methylfecosterol	 n.d. n.d. 1.91 ± 0.34a,* 1.77 ± 0.38a,* n.d. n.d. 
Episterol	 0.31 ± 0.44a,* n.d. 1.59 ± 0.08b,* 1.73 ± 0.30c,* n.d. n.d. 
Lanosterol	 1.63 ± 0.17a,* 6.05 ± 0.34b,* 7.88 ± 0.23c.* 8.97 ± 1.38c,* 1.76 ± 0.59a n.d. 
Ergosterol	 72.83 ± 1.48a,* 65.15 ± 1.94b,* 60.89 ± 3.34b,* 62.69 ± 2.81b,* 94.47 ± 1.69c,* 100 ± 0.00d,* 
Total sterols #	 40.91 ± 2.10a,* 20.00 ± 2.17b,* 43.41 ± 2.48a,* 27.80 ± 1.60c 8.52 ± 1.00d,* 9.99 ± 1.02d,* 
Ergosterol/Squalene	 11.90 ± 3.49a,* 2.88 ± 0.46b,* 19.92 ± 2.04c,* 21.13 ± 2.46c,* 38.26 ± 2.46d,* - 
# (µg/ mg protein)  
*UI, unsaturation index. The unsaturation index was defined as follows: ((percentage of C16:1 + percentage of C18:1) + 2(percentage of 









ergosterol	 contents	 and	 decreased	 squalene	 contents	 under	 stress	 (resulting	 in	 an	
increase	 of	 the	 ergosterol/squalene	 ratio;	 Figure	 3).	 However,	 BY4742	 showed	 the	
opposite	 behavior,	 with	 increasing	 squalene	 and	 decreasing	 ergosterol	 contents,	




that	had	more	diverse	 sterol	 compounds	and	 the	only	 species	 that	exhibited	methyl	









(MpF	 and	Mpp)	 were	 different	 from	 the	 other	 strains	 in	 that	 they	 exhibited	 higher	
















































































































































































and	 C18:3),	 UI,	 CL,	 PC	 and	 ergosterol	 contents,	 and	 with	 the	 ratios	 of	 PC/PE	 and	
ergosterol/squalene	 (Figure	 4B,	 negative	 component	 1	 and	 Table	 S1).	 Thus,	 both	 S.	
cerevisiae	strains	were	clearly	different	from	both	non-Saccharomyces	species	because	
they	were	grouped	on	the	positive	side	of	component	1,	which	is	indicative	of	less	stress	
tolerance	 (with	 BY4742	 having	 higher	 positive	 values).	M.	 pulcherrima	 strains	 were	
placed	on	 the	opposite	side	 (negative	component	1),	with	Mpp	being	 the	strain	 that	









there	 is	 currently	 a	 strong	 interest	 that	 is	 being	 driven	 by	 consumer	 and	 industry	
demand	for	wines	with	improved	characteristics	to	study	the	possibility	of	using	non-












Jamieson,	 1998;	 Moradas-Ferreira	 and	 Costa,	 2000),	 exposing	 yeast	 to	 H2O2	 was	
associated	with	a	rapid	ROS	generation	and	a	 loss	of	viability,	at	 least	until	 the	yeast	
manages	 to	 adapt	 to	 the	 new	 environmental	 conditions,	 i.e.,	 after	 the	 activation	 of	
defense	mechanisms	to	maintain	a	proper	redox	state.	Under	our	conditions,	 the	M.	
pulcherrima	 species,	 and	 especially	 the	 autochthonous	 strain	 (Mpp),	 exhibited	 the	
greatest	resistance	to	oxidative	stress	(low	ROS	generation	and	higher	H2O2	tolerance).	
Both	T.	delbrueckii	strains,	also	showed	a	higher	oxidative	resistance	compared	with	S.	






strains	 derived	 from	 S288C	 (Branchmann	 et	 al.,	 1998)	 with	 very	 poor	 fermentation	
capacity	 (Rossouw	et	 al.,	 2013).	Unlike	wine	 yeast	 strains,	 BY4742	 is	 not	 adapted	 to	
withstand	 adverse	 growth	 conditions	 such	 as	 those	 found	 during	 the	 fermentation	
process	(Carrasco	et	al.,	2001).	
The	cell’s	first	barrier	against	stress	is	the	cellular	membrane,	and	lipids	are	one	of	its	
primary	components.	 In	this	study,	we	evaluated	the	differences	 in	 lipid	composition	
between	 the	 species	 before	 and	 after	 stress	 exposure.	 Our	 results	 showed	 that	 the	
cellular	lipid	composition	differed	widely	between	species,	and	thus	it	may	be	involved	
with	their	different	abilities	to	resist	and	tolerate	oxidative	stress.	Regardless	of	stress,	
the	primary	 feature	was	 the	high	 fatty	acid	unsaturation	 rate	observed	 in	both	non-
Saccharomyces	species,	which	was	basically	due	to	the	presence	of	PUFAs,	resulting	in	
high	membrane	 fluidity.	 It	 is	well	 known	 that	 S.	 cerevisiae	 cannot	 synthesize	 PUFAs	
because	it	only	contains	one	desaturase,	Δ9	fatty	acid	desaturase	(OLE1),	which	can	only	
produce	MUFAs	of	 16-	 and	18-carbon	 compounds	 (Stukey	 et	 al.,	 1990).	However,	S.	
cerevisiae	 can	 incorporate	 exogenous	 PUFAs	 into	 its	 cell	 membranes	 (Rosi	 and	
Bertuccioli,	1992;	Beltran	et	al.,	2008).	Instead,	in	yeasts	such	as	Kluyveromyces	lactis,	
oleic	 acid	 (C18:1)	 is	 subsequently	desaturated	 to	 linoleic	 acid	 (C18:2)	 and	 then	 to	α-









of	palmitoleic	acid	 (C16:1),	 the	primary	UFA	 in	aerobically	grown	S.	cerevisiae	 strains	
(Steels	et	al.,	1994),	which	 is	correlated	with	higher	membrane	rigidity	 (Redón	et	al.,	
2009).	Many	S.	cerevisiae	studies	have	reported	a	correlation	between	an	increase	in	
membrane	 fluidity	 (due	 to	 an	 increase	 in	 the	 degree	 of	 unsaturation)	 and	 a	 higher	
tolerance	to	various	types	of	stresses,	such	as	cold	or	ethanol	stress	(Guerzoni	et	al.,	
1997;	 Suutari	 and	 Laakso,	 1994;	 Casey	 and	 Ingledew,	 1986,	 Beltran	 et	 al.,	 2008).	
Therefore,	 according	 to	 the	 unsaturation	 degree,	 the	 studied	 non-Saccharomyces	




of	both	desaturases	 (FAD2	and	FAD3	 (ω3	 fatty	acid	desaturase)	 from	K.	 lactis)	 into	a	
strain	of	S.	cerevisiae	has	been	reported	to	increase	the	alkaline	pH	tolerance	(Yazawa	
et	al.,	2009).	Therefore,	although	PUFAs	seem	to	increase	yeast	tolerance	to	stress,	they	
can	also	be	 toxic	 to	cells	because	of	 their	 susceptibility	 to	peroxidation	 (Cipak	et	al.,	
2006,	 Johansson	 et	 al.,	 2016).	 In	 fact,	 the	 heterologous	 production	 of	 PUFAs	 in	 S.	
cerevisiae	has	been	shown	to	 increase	oxidative	stress	 (Ruenwai	et	al.,	2011),	and	 in	
non-Saccharomyces	strains,	a	higher	proportion	of	C18:2	acid	does	not	assure	increased	
tolerance	 to	 ethanol	 stress	 (Aguilera	 et	 al.,	 2006,	 Archana	 et	 al.,	 2015).	 Under	 our	




their	high	sensitivity	 to	peroxidation	 (Ayala	et	al.,	2014,	 Johansson	et	al.,	2016).	This	
effect	could	be	a	mechanism	in	non-conventional	yeasts	to	withstanding	the	oxidative	
stress	 better	 without	 compromising	 membrane	 integrity.	 The	 other	 principal	
mechanism	used	by	non-Saccharomyces	yeasts	 to	cope	with	oxidative	stress	was	the	








et	 al.,	 2003).	 Furthermore,	 palmitoleic	 acid	 is	 induced	 by	 stress	 in	 high-density	
fermentations,	 and	 it	 has	 a	 protective	 function	 against	 damage	 (Ding	 et	 al.,	 2009).	
According	to	Redón	et	al.	(2009),	the	supplementation	of	palmitoleic	acid	in	wine	yeast	




























Normal	mitochondrial	 function	 is	 required	 for	 resistance	 to	oxidative	 stress,	 and	 the	
maintenance	 of	 a	 stable	 respiratory	 chain	 strongly	 prevents	 the	 generation	 of	
















et	 al.,	 1998,	 Klug	 and	 Daum,	 2014).	 Although	M.	 pulcherrima	 showed	 the	 highest	
ergosterol	percentage	(but	the	lowest	content),	this	parameter	could	not	be	correlated	
with	the	oxidative	stress	either.	














In	 conclusion,	 our	 results	 suggest	 that	 non-conventional	 yeasts	 are	 best	 at	 resisting	
induced	 oxidative	 stress.	 The	 highest	 stress	 tolerance	 was	 associated	 with	 the	 non-
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phosphatidylcholine	 (PC),	 phosphatidylethanolamine	 (PE),	 cardiolipin	 (CL),	 dimethylphosphatidylethanolamine	 (DMPE),	 and	 lysophospholipids	 (LP).	 FAs:	myristic	 (C14:0),	
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Melatonin	 (N-acetyl-5-methoxytryptamine),	which	 is	 synthesized	 from	 tryptophan,	 is	
formed	during	alcoholic	fermentation,	though	its	role	in	yeast	is	unknown.	This	study	
employed	 Saccharomyces	 cerevisiae	 as	 an	eukaryote	model	 to	 evaluate	 the	possible	








generated	 in	 the	 stationary	phase.	However,	when	 cells	were	 subjected	 to	oxidative	
stress	 induced	 by	 H2O2,	 melatonin	 was	 able	 to	 partially	 mitigate	 cell	 damage	 by	
decreasing	 ROS	 accumulation	 and	 GSSG	 and	 increasing	 GSH;	 this	 was	 followed	 by	
enhanced	 cell	 viability	 after	 stress	 exposure,	 mostly	 when	 occurring	 in	 the	 early	
stationary	 phase.	 Additionally,	 under	 such	 conditions,	 most	 genes	 related	 to	


































very	 little	 information	 is	 available	 on	melatonin	 biosynthesis	 in	 yeast,	 its	 pathway	 is	
supposed	to	be	similar	to	the	one	described	in	vertebrates,	in	which	four	enzymes	are	
involved	 in	 the	 conversion	 of	 tryptophan	 to	 melatonin,	 via	 serotonin	 and	 N-
acetylserotonin	 intermediates	 (Mas	 et	 al.,	 2014).	 However,	 the	 role	 of	MEL	 in	 yeast	
remains	unknown.	Saccharomyces	cerevisiae	is	the	simplest	eukaryote	model	and	is	also	
the	main	 yeast	 used	 in	 the	 winemaking	 process,	 where	 is	 exposed	 to	 a	 number	 of	




hydroxyl	 radical	 (OH-)	 or	 hydrogen	 peroxide	 (H2O2)	 (Gibson	 et	 al.,	 2008;	 Moradas-
Ferreira	 et	 al.,	 1996).	 ROS	 are	 generated	 endogenously	 during	 normal	 cellular	





oxidants.	 Under	 normal	 physiological	 conditions,	 yeast	 cells	 are	 able	 to	 maintain	 a	
reduced	 intracellular	 redox	environment.	However,	ROS	become	harmful	when	 their	
concentration	 exceeds	 the	 ability	 of	 the	 cells	 to	 remove	 them,	 causing	 respiratory	
deficiencies	 that	 result	 in	 oxidative	 stress.	 This	 oxidative	 stress	 can	 damage	 lipids,	
carbohydrates,	proteins	and	nucleic	acids,	potentially	 leading	to	cell	death	(Gibson	et	
al.,	2008;	Moradas-Ferreira	et	al.,	1996;	Costa	and	Moradas-Ferreira,	2001).	






such	as	 the	glutathione,	 glutaredoxin	 family	or	 thioredoxins,	 are	 secondary	defenses	
that	 repair	 or	 remove	 the	 products	 of	 oxidative	 damage	 (Jamieson,	 1998;	Moradas-
Ferreira	 et	 al.,	 1996).	 To	 eliminate	 ROS,	 cells	 need	 to	 be	 equipped	 with	 regulatory	
molecules	 that	 rapidly	 sense	 and	 respond	 to	 oxidative	 stress.	 In	 yeast,	 the	 parallel	
glutathione/glutaredoxin	 and	 thioredoxins	 pathways	 (essential	 under	 aerobic	 and	











H2O2	by	oxidizing	GSH	 to	GSSG;	and	glutaredoxins,	which	 regulate	 the	protein	 redox	








to	 hydroperoxides	 (Herrrero	 et	 al.,	 2008;	 Auchère	 et	 al.,	 2008;	 Gómez-Pastor	 et	 al.,	
2012).	 Furthermore,	 S.	 cerevisiae	 possesses	 two	 catalases	 and	 two	 superoxide	
dismutases,	 which	 also	 act	 as	 enzymatic	 antioxidants.	 Catalase	 A	 and	 catalase	 T	
decompose	H2O2	to	oxygen	and	water	in	the	peroxisome	and	the	cytosol,	respectively.	
Superoxide	dismutases	catalyze	the	conversion	of	superoxide	anion	to	oxygen	and	H2O2	
in	 the	 cytoplasm	 (Cu/ZnSOD)	and	 in	mitochondria	 (Mn/ZnSOD)	 (Costa	 and	Morades-











































Trotter,	 Salk	 Institute	 for	 Biological	 Studies,	 CA,	 USA).	 The	mean	 fluorescence	 index	
(MFI)	 was	 calculated	 according	 to	 Boettiger	 et	 al.,	 2001:	 [(geometric	 mean	 of	 the	
positive	 fluorescence)	 –	 (geometric	mean	 of	 the	 control)]	 /	 (geometric	mean	 of	 the	






























et	 al.,	 2003.	Moreover,	 the	 relative	 viable	 fraction	was	 calculated	 using	 the	 formula	
described	by	Murakami	et	al.,	2008:	















for	 10	 min	 at	 4ºC.	 For	 quantification,	 GSSG	 first	 needs	 to	 be	 reduced	 to	 GSH.	 This	









et	 al.,	 2006,	 to	 maintain	 stability	 of	 the	 NDA-GSH	 adduct.	 After	 this	 incubation,	







Expression	 levels	of	 specific	genes	 (Table	1)	were	determined	using	qPCR.	Total	RNA	
from	 1	 x	 107	 cells	 was	 isolated	 using	 a	 PureLinkâ	 RNA	 Mini	 kit	 from	 Ambion	 Life	
Technologies	(Massachusetts,	USA)	as	recommended	by	the	manufacturer.	To	remove	
DNA,	a	DNAse	(Qiagen,	Barcelona,	Spain)	step	was	performed	at	37ºC	for	15	min	before	
washing.	 Reverse	 transcription	 and	 qPCR	 reactions	were	 performed	 as	 described	 by	
Beltran	et	al.,	2004.	cDNA	was	synthesized	from	320	ng/µL	RNA	using	SuperScript®	III	
Reverse	 Transcriptase	 (Invitrogen)	 and	 Oligo	 (dT)	 20	 Primer	 (Invitrogen).	 qPCR	 was	







































to	 evaluate	 the	 effect	 of	 each	 treatment.	 The	 results	 were	 considered	 statistically	
significant	at	a	p-value	less	than	0.05	(IBM	SPSS	Inc,	XLSTAT	Software).	Furthermore,	a	










To	 evaluate	 the	 possible	 role	 of	 MEL	 as	 an	 antioxidant	 agent	 in	 S.	 cerevisiae,	 we	
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were	exposed	 to	higher	H2O2	 concentrations	 (4	mM,	Figure	1C).	 Thus,	we	 chose	 the	
lowest	assayed	dose	of	MEL	(5	µM)	and	H2O2	(2	mM)	for	the	ensuing	experiments.	As	
shown	 in	 Figure	 1D,	 cells	 exposed	 to	 oxidative	 stress	 (2	mM	H2O2)	 exhibited	 strong	
increases	in	total	ROS,	with	four	times	higher	levels	than	unstressed	cells	(Figure	1D).	





To	 further	 study	 the	 role	 of	 MEL	 in	 yeast	 cells,	 we	 evaluated	 the	 effect	 of	 its	
supplementation	 (5	 µM	 MEL)	 on	 intracellular	 glutathione	 levels	 by	 analyzing	 both	






















of	the	QA23	strain	(OD,	optical	density).	 (B)	Total	glutathione	(GSHtot)	 levels.	 (C)	Reduced	glutathione	
(GSH)	levels.	(D)	Oxidized	glutathione	(GSSG)	levels.	
	
3.3. 	Effect	 of	 melatonin	 on	 expression	 levels	 of	 genes	 related	 to	 the	 antioxidant	
response	
Quantitative	PCR	was	used	 for	 transcriptional	 analysis	 of	 certain	 genes	 implicated	 in	
endogenous	antioxidant	defense,	such	as	CTA1	and	CTT1	(catalase	A	and	T,	respectively),	
SOD1	 and	SOD2	 (cytoplasmic	and	mitochondrial	 superoxide	dismutase,	 respectively),	

























































































Upon	 entry	 into	 the	 stationary	 phase	 (16	 h),	 expression	 of	 all	 genes	 increased	




GLR1,	CTA1,	 SOD1,	 SOD2	and	 GRX2),	between	 3	 and	 5	 times	 higher	 than	 under	 the	
control	condition	(Figure	3,	inset).	Exceptions	were	CTT1	and	ZWF1,	expression	of	which	
was	 similar	 to	 the	 control,	 and	 TRX2,	 expression	 of	which	 remained	 lower	 than	 the	
control.	
MEL	activated	the	cytosolic	catalase	gene	(CTT1)	but	only	in	the	early	exponential	phase.	

















stress,	 the	 response	 to	 the	 addition	 of	 an	 oxidant	 compound	 such	 as	 H2O2	 in	 the	
presence	or	absence	of	MEL	was	assessed	at	different	phases	of	growth.	Glutathione	
levels	(GSH	and	GSSG)	were	analyzed	before	and	after	stress	induction	with	2	mM	H2O2	
(at	 0,	 10,	 45,	 90	 and	 120	min	 of	 exposure)	 and	 at	 different	 stages	 of	 growth	 (early	
exponential	(6	h),	early	stationary	(16	h)	and	late	stationary	(30	h)	phases).	To	determine	

















At	 the	 early	 stationary	 phase,	 the	 total	 amount	 of	 glutathione	 (GSH	 and	GSSG)	was	
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and	88.52%	of	 the	variance,	 respectively.	 In	both	PCA,	parameters	 indicating	greater	
viability	(higher	rate	and	OD	max)	were	positively	correlated	with	higher	levels	of	GSH	
(positive	component	1)	and	negatively	correlated	with	higher	levels	of	GSSG	(negative	










without	 MEL	 were	 grouped	 together	 and	 separated	 from	 the	 other	 conditions,	
presenting	the	lowest	GSH	levels	at	120	min,	rate	growth	and	OD	max,	what	indicated	
that	MEL	also	has	a	slight	effect	when	the	stress	was	applied	at	30	h.	
3.5. 	Effect	 of	 melatonin	 on	 expression	 levels	 of	 genes	 related	 to	 the	 antioxidant	
response	under	oxidative	stress	






(GSH1,	 CTT1,	 CTA1,	 SOD1,	 SOD2,	 and	GRX2).	 The	 presence	 of	MEL	 in	 stressed	 cells	
resulted	in	faster	up-regulation	of	most	genes	(except	for	CTT1	and	GRX2),	as	the	levels	









120	 min,	 expression	 remained	 constant	 in	 the	 presence	 of	 MEL	 but	 declined	 in	 its	
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Exposure	 to	 oxidative	 stress	 generates	 ROS,	 which	 adversely	 affect	 cells	 when	 their	
capacity	 to	eliminate	 these	 reactive	 species	 is	 exceeded.	 Therefore,	 cells	 need	 to	be	
equipped	with	regulatory	molecules	to	rapidly	sense	and	respond	to	oxidative	stress.	
We	have	 focused	our	 research	on	GSH	as	 the	main	and	most	abundant	endogenous	
antioxidant	in	cells	(Moradas-Ferreira	et	al.,	1996;	Jamieson,	1998),	and	accordingly,	the	










between	 calmodulin	 and	 MEL	 might	 represent	 the	 mechanism	 involved	 in	 the	
stimulation	of	ROS	by	MEL	(Radogna	et	al.,	2009).	We	also	observed	that	MEL	repressed	
the	GSH1	and	GPX1	genes,	which	encode	g-glutamylcysteine	synthetase	and	glutathione	
peroxidase,	 respectively,	 in	 the	 early	 exponential	 phase.	 Such	 repression	 by	 the	
presence	 of	 MEL	 has	 not	 previously	 been	 reported.	 These	 results	 confirm	 that	 the	
reduced	 ratio	 of	 GSH:GSSG	 corresponds	 to	 a	 decrease	 in	 mRNA	 levels	 of	 g-
glutamylcysteine	 synthetase.	Many	 studies	 have	 documented	 the	 effects	 of	MEL	 on	
gene	regulation	in	human	cells,	and	the	mechanism	by	which	MEL	alters	expression	of	










media	 (Jamieson,	 1998;	 Belazzi	 et	 al.,	 1991;	DeRisi	 et	 al.,	 1997;	 Boy-Marcotte	 et	 al.,	
1998;	Puig	et	al.,	2000;	Büyükavci	et	al.,	2006),	including	those	encoding	both	catalases	




and	 involves	 modulation	 of	 the	 antioxidant	 system	 that	 confers	 cell	 resistance	 to	
oxidants.	For	this	reason,	as	our	results	confirmed,	cells	are	more	susceptible	to	stress	
during	the	exponential	phase	than	during	the	stationary	phase.	This	also	agrees	with	the	









MEL	 had	 no	 effect	 on	 S.	 cerevisiae	 viability,	 indicating	 a	 lack	 of	 correlation	 with	
cytotoxicity	or	apoptosis	(Osseni	et	al.,	2000;	Büyükavci	et	al.,	2006;	Girish	et	al.,	2013).	




which	 activated	 defense	 mechanisms	 to	 maintain	 a	 proper	 redox	 state.	 Upon	 H2O2	
challenge,	yeast	cells	activate	various	antioxidant	functions,	including	a	gene	expression	
program	mediated	 largely	 by	 the	 transcription	 factors	Msn2p/4p	 in	 a	 general	 stress	
response	 and	 Yap1p	 and	 Skn7p	 in	 a	 specific	 response	 to	 oxidative	 stress.	 (Moradas-
Ferreira	 et	 al.,	 1996;	 Costa	 and	 Moradas-Ferreira,	 2001;	 Jamieson,	 1998;	 Moradas-
Ferreira	 and	 Costa,	 2000).	 Skn7p	 factor	 controls	 a	 subset	 of	 genes	 involved	 in	 the	







exponential	 and	 early	 stationary	 phases.	 Although	MEL	mitigated	 ROS	 accumulation	
generated	by	low	concentrations	of	H2O2	in	S.	cerevisiae,	this	effect	was	not	observed	at	
higher	concentrations	of	H2O2	(4	mM),	likely	because	the	oxidative	stress	exceeded	the	
endogenous	 antioxidant	 capacity.	 Additionally,	MEL-treated	 cells	 exhibited	 increased	
GSH	and	decreased	GSSG	concentrations.	This	state	of	lower	oxidative	stress	resulted	in	






direct	free	radical	scavenging	activity,	whereby	 it	 is	able	to	detoxify	 ·OH	produced	by	
H2O2	(Tan	et	al.,	2000).	In	our	case,	analysis	of	expression	of	certain	stress-related	genes	
under	 oxidative	 stress	 appeared	 to	 indicate	 that	MEL	 in	S.	 cerevisiae,	 as	 in	 humans,	
might	interact	with	different	components	of	antioxidant	defense	systems.	In	fact,	the	
amphiphilic	 characteristics	of	MEL	allow	 it	 to	 cross	all	morpho-physiological	barriers,	
reaching	any	subcellular	structure	and	guaranteeing	 its	ability	 to	act	as	a	 free	radical	
scavenger	(Tan	et	al.,	2000;	Reiter	et	al.,	2007).	Although	MEL	is	able	to	act	as	a	direct	
radical	scavenger	in	S.	cerevisiae,	our	results	showed	that	MEL	might	also	function	as	an	
indirect	 antioxidant	 by	 increasing	 the	 transcription	 level	 of	 genes	 related	 to	 the	
antioxidant	 response.	 Furthermore,	 stimulation	 of	 expression	 of	 genes	 encoding	





evidenced	 how	 low	 concentrations	 of	 MEL	 influenced	 even	 more	 changes	 in	 gene	
expression.	A	number	of	in	vitro,	in	vivo	and	ex	vivo	studies	in	humans	have	documented	
the	ability	of	MEL	to	increase	expression	of	multiple	antioxidant	stress	genes,	including	
copper	 zinc	 and	manganese	 superoxide	dismutases,	 glutathione	peroxidase,	 catalase	
and	g-glutamylcysteine	synthase	(Kotler	et	al.,	1998;	Esparza	et	al.,	2005;	Gómez	et	al.,	
2005;	Mauriz	 et	 al.,	 2007;	 Fischer	 et	 al.,	 2013).	Moreover,	 this	 effect	 on	 antioxidant	
enzyme	 genes	 appears	 to	 be	 consistent	 with	 the	 ability	 of	 MEL	 to	 up-regulate	 the	
activities	of	these	enzymes	as	well	as	glutathione	reductase	and	glucose-6-phosphate	
dehydrogenase.	 In	 the	current	 study,	as	 in	mammalian	 studies,	 the	presence	of	MEL	
induced	high	levels	of	GSH1,	GPX1,	CTT1,	CTA1,	SOD1	and	SOD2	mRNA	(Tomas-Zapico	
and	Coto-Montes,	2005;	Mayo	et	al.,	2002;	Kotler	et	al.,	1998).	Furthermore,	our	results	
showed	 that	 in	 S.	 cerevisiae,	 MEL	 also	 up-regulated	 expression	 of	GLR1,	 ZWF1	 and	
particularly	TRX2,	which	 encodes	 the	most	 important	 hydrogen	 peroxide-eliminating	
enzyme.	 Conversely,	 CTT1	 expression	 exhibited	 a	 different	 profile:	 it	 was	 rapidly	










reduced	after	 this	phase.	Nonetheless,	 some	effect	was	still	observed	because	 lower	
levels	 were	 reached	 in	 the	 absence	 of	 MEL.	 ZWF1	 stimulation	 by	 MEL	 has	 been	
suggested	 in	 a	 few	 studies,	 as	 activation	 of	 the	 enzyme	 glucose-6-phosphate	
dehydrogenase	was	observed	in	the	presence	of	the	molecule	(Pierrefiche	and	Laborit,	
1995;	 Hardeland,	 2005).	 The	 overexpression	 of	 ZWF1	 due	 to	 MEL	 under	 stress	
conditions	observed	in	our	study	appears	to	highlight	the	importance	of	this	gene	in	GSH	
recycling,	 as	 NADPH	 is	 a	 necessary	 cofactor	 for	 glutathione	 reductase	 and	 provides	
reducing	equivalents	for	redoxin	systems.	TRX2-encoded	thioredoxin,	the	mRNA	levels	
of	 which	 were	 up-regulated	 with	MEL	 addition	 under	 oxidative	 stress	 conditions,	 is	
specialized	in	protecting	against	ROS	and	is	essential	for	YAP1-dependent	resistance	to	
hydroperoxides	(Herrero	et	al.,	2008;	Gómez-Pastor	et	al.,	2012;	Kuge	and	Jones,	1994);	
indeed,	 this	 gene	 (TRX2)	 is	 one	 of	 the	 first	 targets	 of	 the	 major	 oxidative	 stress	
transcription	 factor	Yap1p.	TRX2,	 besides	 to	be	 required	 to	 regulate	 redox	 state	and	
levels	of	glutathione	in	response	to	oxidants,	it	can	be	also	upregulated	in	response	to	




MEL	 has	 frequently	 been	 compared	 with	 vitamins	 C	 and	 E	 in	 terms	 of	 antioxidant	
properties	 (Reiter	 et	 al.,	 2007).	 The	 effect	 of	 MEL	 on	 S.	 cerevisiae	 may	 also	 be	















also	 influences	 the	 replicative	 lifespan	 of	 yeast,	 particularly	 important	 in	 re-pitching	
practices.	 Thus,	 protective	 treatments	 against	 oxidative	 damage	 with	 natural	
antioxidants,	may	have	important	biotechnological	implications.	
5. CONCLUSIONS	
MEL	 presents	 antioxidant	 properties	 in	 S.	 cerevisiae.	 However,	 these	 antioxidant	
properties	were	dependent	on	the	dose	and	the	phase	at	which	stress	was	induced.	In	
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Melatonin	 (N-acetyl-5-methoxytryptamine)	 is	 synthesized	 from	 tryptophan	 by	
Saccharomyces	 cerevisiae	 and	 non-conventional	 yeast	 species.	 Antioxidant	 properties	
have	been	suggested	as	a	possible	role	of	melatonin	in	a	Saccharomyces	cerevisiae	wine	
strain.	However,	the	possible	antioxidant	melatonin	effect	on	non-Saccharomyces	species	
and	 other	 strains	 of	 S.	 cerevisiae	 must	 be	 evaluated.	 The	 aim	 of	 this	 study	 was	 to	
determine	the	antioxidant	capacity	of	melatonin	in	eight	S.	cerevisiae	strains	and	four	non-
conventional	 yeasts	 (Torulaspora	 delbrueckii,	Metschnikowia	 pulcherrima,	 Starmerella	































other	 non-conventional	 yeast	 species	 such	 as	 Torulaspora	 delbrueckii	 and	
Zygosaccharomyces	 bailii	 (Rodriguez-Naranjo	 et	 al.,	 2011;	 Vigentini	 et	 al.,	 2015).	
Although	only	limited	information	is	available	on	MEL	biosynthesis	in	organisms	other	
than	vertebrates,	the	pathway	in	yeasts	is	thought	to	be	similar	to	the	synthetic	route	
described	 in	vertebrates.	Four	enzymes	are	 involved	 in	 the	conversion	of	 tryptophan	
into	 serotonin	 and	N-acetylserotonin	 intermediates	 and	 finally	 into	MEL	 (Mas	 et	 al.,	
2014).		
The	functions	of	MEL	have	been	extensively	studied	in	mammals	and	animals,	and	they	
are	 primarly	 related	 to	 the	 regulatory	 mechanisms	 involved	 in	 circadian	 rhythms.	
However,	 the	 role	 of	MEL	 in	 yeasts	 still	 needs	 to	 be	 elucidated.	 Recently,	 we	 have	
reported	that	MEL	is	able	to	act	as	an	antioxidant	compound	in	one	commercial	wine	
strain	of	S.	cerevisiae	(Vázquez	et	al.,	2017).	As	is	the	case	in	humans,	MEL	might	protect	
various	 biomolecules	 from	 damages	 caused	 by	 free	 radicals	 by	 acting	 as	 a	 direct	
scavenger,	 detoxifying	 reactive	 oxygen	 and	 nitrogen	 species	 (Anisimov	 et	 al.,	 2006;	
Reiter	 et	 al.,	 2001,	 2016)	 and	 indirectly	 increases	 the	 activities	 of	 the	 antioxidant	
defense	 systems.	 It	 could	 also	 act	 by	 stimulating	 the	 synthesis	 of	 other	 important	
intracellular	 antioxidants	 such	 as	 glutathione	 peroxidase	 and	 superoxide	 dismutase	
(Antolín	et	al.,	1996;	Rodriguez	et	al.,	2004).	
Oxidative	 stress	 is	 the	 outcome	 of	 an	 imbalance	 between	 the	 presence	 of	 reactive	
oxygen	species	(ROS)	and	the	capacity	of	cells	to	detoxify	these	reactive	intermediates	
of	molecular	oxygen,	or	to	repair	the	resulting	damage.	ROS	are	constantly	generated	
during	 normal	 metabolism,	 and	 they	 exert	 physiologic	 actions.	 However,	 when	
produced	 in	 excess,	 ROS	 cause	 detrimental	 effects	 and	 can	 damage	 cell	









Avery,	 1997).	 However,	 ROS	 formation	 is	 accompanied	 by	 an	 increase	 in	 yeast	
antioxidant	 defenses,	with	 the	 aim	 of	 protecting	 the	 cells	 against	 noxious	 ROS.	One	
system	for	neutralizing	 the	excessive	ROS	 formation	 in	cells	 is	 to	degrade	 them	with	





in	 the	 biotechnology,	 food	 and	 beverage	 industries.	 However,	 non-Saccharomyces	
yeasts	 are	 now	 gaining	 higher	 interests	 for	 industries;	 in	 fact,	 several	 studies	 have	





Thus,	 protective	 treatments	 against	 oxidative	damage	with	natural	 antioxidants	may	
have	important	biotechnological	implications.		
The	goal	of	this	study	was	to	evaluate	the	possible	antioxidant	effect	of	MEL	on	different	






The	 yeast	 strains	 used	 in	 this	 study	 were	 eight	 S.	 cerevisiae	 and	 eight	 non-




















































1994).	 Following	 a	 treatment	 using	 2	mM	H2O2	 for	 1	 h,	 1x107	 yeast	 cells	 from	each	
condition	were	mechanically	homogenized	over	three	cycles	of	alternating	sonication	
and	 liquid	 nitrogen	 (10/10	 sec).	 The	 samples	 were	 then	 mixed	 with	 250	 µL	 of	
trichloroacetic	acid	(10%	v/v),	incubated	for	15	min	on	ice,	and	after	centrifugation	at	











disrupted	 using	 glass	 beads	with	 six	 cycles	 alternating	 cycles	 of	 cooling	 and	 shaking	
(30/30	sec)	and	centrifuged	at	14.000	rpm	for	2	min.	The	assay	was	performed	according	
to	the	method	described	by	Aebi	in	1984.	In	brief,	cells	extracts	were	exposed	to	10	mM	











by	 spectrophotometric	 determination	 at	 545	 nm,	 with	 bovine	 serum	 albumin	 (BSA,	








protein	 samples	 were	 separated	 by	 sodium	 dodecyl	 sulfate	 polyacrylamide	 gel	
electrophoresis	 (SDS-PAGE,	12.5%),	 and	 later	 transferred	 to	 the	nitrocellulose	 sheets	
according	to	standard	procedures	(Laemmli,	1970).	Finally,	a	western	blot	analysis	was	
performed	using	a	primary	 rabbit	 antibody	against	 Fox1p	protein	 (multifunctional	β-
oxidation	protein	from	peroxisomal	membranes),	a	marker	of	peroxisomes	organelles.	
Immunoreactive	 bands	 were	 visualized	 using	 a	 peroxidase-conjugated	 secondary	
antibody	according	to	the	manufacturer’s	instructions	(SuperSignal	TM,	Pierce	Chemical	
Company,	 IL,	 USA).	 The	 cytosolic	 protein	 GAPDH	 (glyceraldehyde-3-phosphate	
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differences	 were	 observed	 between	 the	 wine	 strains	 and	 laboratory	 and	 animal	
nutrition	strains,	with	the	wine	strains	exhibiting	the	lower	levels	of	endogenous	ROS.	
The	antioxidant	effects	of	MEL	were	very	similar	 to	 those	of	ascorbic	acid	 for	all	 the	
investigated	 strains.	 MpF	 was	 the	 only	 exception	 where	 no	 statistically	 significant	
protective	 effect	 was	 seen.	 However,	 there	 were	 few	 cases	 in	 which	 none	 of	 the	









delbrueckii	 strains,	which	showed	 lower	ROS	accumulation,	also	exhibited	 lower	 lipid	
peroxidation	and	vice	versa.	Strains	with	higher	ROS	accumulation	showed	higher	lipid	
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condition,	Fox1p	was	undetectable	 in	S.	cerevisiae,	but	 its	detection	 increased	 in	 the	

























from	 tryptophan	 during	 alcoholic	 fermentation	 (Mas	 et	 al.,	 2014),	 but	 very	 little	
information	 is	 available	 on	 MEL	 biosynthesis	 and	 its	 bioactive	 functions	 in	 yeast.	
Recently,	we	reported	that	MEL	is	able	to	act	as	an	antioxidant	compound	in	a	wine	S.	
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Saccharomyces	 strains	 and	 other	 non-conventional	 yeast	 species	 is	 still	 unknown.	
Therefore,	sixteen	strains	from	six	different	yeast	species	were	used	to	evaluate	if	the	
protective	 effect	 of	 MEL	 against	 oxidative	 stress	 is	 provided	 due	 to	 an	 intra	 or	
interspecific	response.		
As	expected,	ROS	formation	positively	correlated	with	lipid	peroxidation.	Exposure	to	
oxidative	 stress	 caused	 an	 increase	 in	 intracellular	 ROS	 that	 resulted	 in	 a	 loss	 of	
membrane	integrity	due	to	the	peroxidation	of	unsaturated	fatty	acids	by	ROS	because	




stress	 (Rozès	 et	 al.,	 1992)	 together	 with	 lower	 ROS	 formation	 and	 lower	 lipid	
peroxidation.	Cipak	et	al.,	(2008)	reported	that	even	if	a	PUFA-producing	S.	cerevisiae	








the	 accumulation	 of	 lipid	 peroxidation	 products	 stimulates	 the	 defense	 network,	

















hydroxyl	 radicals	 (·OH),	 peroxyl	 radicals	 (ROO·),	 singlet	 oxygens	 (1O2)	 and	 also	 RNS	
(Romero	et	al.,	2014).		
Catalases	are	clearly	important	for	proper	resistance	toward	H2O2.	However,	the	role	of	




oxidative	and	osmotic	 stress	 (Jamieson,	1998;	Krantz	et	al.,	 2004).	 The	process	of	b-
oxidation	 is	 exclusively	 housed	 by	 peroxisomes	 in	 yeast.	 Here,	 peroxisomal	 oxidases	
such	 as	 Pox1p/Fox1p	 pass	 electrons	 directly	 to	 oxygen	 to	 generate	 H2O2,	 which	 is	




strains	 under	 the	 control	 condition	 (without	 stress	 or	 MEL).	 Cipak	 et	 al.,	 (2008)	
uncovered	related	PUFA	production	with	an	increase	in	the	catalase	activity,	pinpointing	
cytosolic	 catalase	 T	 as	 essential	 for	 the	 survival	 of	 cells	 against	 oxidative	 stress,	 and	
peroxisomal	 catalase	A	was	 important	 in	 adaptating	 to	 this	 stress.	 Therefore,	 higher		
catalase	activity	in	non-Saccharomyces	strains	prior	to	stress	occurs	can	also	be	induced	
as	a	 response	 to	 the	presence	of	PUFA	 in	 the	membrane	composition,	 resulting	 in	a	
faster	adaptation	and	a	better	 tolerance	 to	 the	 stress.	Although	 the	catalase	activity	
increased	in	the	presence	of	oxidative	stress	with	H2O2,	no	direct	correlation	between	
catalase	activity	and	ROS	or	lipid	peroxidation	was	observed	in	our	results,	suggesting	
that	 catalase,	 which	 is	 as	 a	 primary	 enzymatic	 defense,	 is	 quickly	 activated	 in	 the	











T.	delbrueckii	and	H.	uvarum	 strains.	Together	with	our	previous	 results	 in	 the	QA23	
strain	(Vázquez	et	al.,	2017)	in	which	we	also	observed	that	MEL	slightly	increased	the	
ROS	amount	as	well	as	the	mRNA	levels	of	CTT1	and	CTA1	(genes	enconding	catalase	T	





by	 using	 L-ascorbic	 acid	 as	 an	 antioxidant	 and	 paraquat	 as	 an	 oxidative	 agent.	 The	
authors	hypothesized	that	the	reduced	catalase	activity	caused	by	the	presence	of	L-





acids	 and	 in	 the	 degradation	 of	 toxic	 hydrogen	 peroxide	 via	 catalase	 and	 other	
antioxidant	enzymes	(Hiltunen	et	al.,	2003;	Schrader	and	Fahimi,	2006).	The	amount	of	
peroxisomes	 in	 the	 cell	 (proliferation	 or	 degradation)	 is	 modulated	 in	 response	 to	
nutritional	 and	 environmental	 stimuli.	 Our	 results	 showed	 higher	 peroxisome	
proliferation	in	cells	under	stress	coinciding	with	higher	catalase	activities,	indicating	a	
direct	relationship	between	both	parameters.	In	fact,	the	responses	to	oxidative	stress	











respond	 to	 oxidative	 stress	 and	 ROS	 when	 they	 are	 generated	 at	 other	 intra-	 or	
extracellular	 locations,	 protecting	 the	 cell	 against	 oxidative	 damage	 (Schrader	 and	























the	 in	 vivo	 antioxidant	 activity	 of	 MEL	 in	 Saccharomyces	 and	 non-Saccharomyces	
species.	MEL	 can	 serve	 to	mitigate	oxidative	 stress	 and	 reduce	oxidative	damage	by	
leading	 to	 a	 decrease	 in	 the	 intracellular	 ROS	 content	 and	 TBARS	 levels	 under	








































 Catalase (U catalase/ mg protein) TBARS (nmol MDA/ mg protein) 
 Control MEL MEL H2O2 H2O2 Control MEL MEL H2O2 H2O2 
BY4742 69.86 ± 4.71a 81.93 ± 4.18b 103.91 ± 2.18c 153.02 ± 1.25d 1.35 ± 0.01a 1.40 ± 0.01b 1.93 ± 0.12c 2.32 ± 0.07d 
BY4741 80.67 ± 1.11a 95.42 ± 1.74b 110.97 ± 8.46c 159.28 ± 1.68d 1.15 ± 0.05a 1.25 ± 0.05a 1.98 ± 0.07b 2.23 ± 0.12c 
Sigma 1278b 80.95 ± 1.79a 97.40 ± 2.71b 113.34 ± 8.93c 137.40 ± 6.59d 1.21 ± 0.05a 1.33 ± 0.08a 1.56 ± 0.07b 1.85 ± 0.09c 
QA23 53.18 ± 1.01a 60.83 ± 0.86b 72.12 ± 5.87c 88.17 ± 5.38d 0.71 ± 0.07a 0.87 ± 0.11a 1.14 ± 0.11b 1.34 ± 0.04c 
VIN 7 64.02 ± 5.03a 78.32 ± 6.67b 101.90 ± 6.37c 134.38 ± 8.37d 1.08 ± 0.08a 1.19 ± 0.02b 1.62 ± 0.10c 1.97 ± 0.06d 
Uvaferm HPS 52.16 ± 1.43a 59.74 ± 0.75b 78.75 ± 8.00c 91.94 ± 2.06d 1.05 ± 0.08a 1.01 ± 0.06a 1.22 ± 0.05b 1.41 ± 0.11c 
SC20 73.82 ± 4.93a 82.32 ± 2.60b 89.08 ± 6.32b 114.87 ± 8.90c 0.98 ± 0.07a 1.12 ± 0.06a 1.40 ± 0.05b 1.87 ± 0.15c 
SB20 73.20 ± 4.22a 82.42 ± 2.55b 88.37 ± 1.80 c 100.58 ± 4.60d 1.11 ± 0.04a 1.14 ± 0.07a 1.58 ± 0.10b 1.83 ± 0.12c 
TdB 89.77 ± 6.54a 103.69 ± 1.56b 168.62 ± 4.17c 184.35 ± 3.43d 0.59 ± 0.05a 0.60 ± 0.06a 0.78 ± 0.07b 1.06 ± 0.10c 
Tdp 96.30 ± 9.99a 115.18 ± 4.79b 140.94 ± 7.32c 171.22 ± 17.13d 0.56 ± 0.05a 0.64 ± 0.05a 0.78 ± 0.04b 1.09 ± 0.10c 
MpF 92.56 ± 6.47a 99.48 ± 3.73a 143.26 ± 8.86b 175.67 ± 7.02c 0.47 ± 0.09a 0.48 ± 0.06a 0.67 ± 0.03b 0.77 ± 0.07b 
Mpp 134.51 ± 10.91a 142.54 ± 6.34a 146.80 ± 7.13a 150.70 ± 1.93a,b 0.46 ± 0.10a 0.53 ± 0.08a  0.56 ± 0.12a 0.56 ± 0.08a 
Cz4 90.33 ± 9.93a 91.78 ± 9.71a 82.46 ± 1.78a 94.64 ± 18.14a 0.42 ± 0.03a 0.47 ± 0.02a 0.58 ± 0.06b 0.62 ± 0.06b 
Cz11 88.09 ± 7.00a 92.42 ± 4.99a 91.97 ± 2.96a 96.48 ± 1.16a 0.50 ± 0.04a 0.52 ± 0.08a 0.74 ± 0.13b 0.79 ± 0.06b 
Hu4 88.80 ± 5.93a 112.16 ± 6.17b 143.85 ± 10.98c 171.55 ± 3.75d 0.91 ± 0.09a 0.94 ± 0.03a 1.22 ± 0.05b 1.42 ± 0.07c 



























Chen,	Z.-H.,	Yoshida,	Y.,	 Saito,	Y.,	Noguchi,	N.,	 and	Niki,	 E.	 (2006).	Adaptive	 response	 induced	by	 lipid	
peroxidation	products	in	cell	cultures.	FEBS	Lett.	580,	479–483.		
Cipak,	A.,	 Jaganjac,	M.,	Tehlivets,	O.,	Kohlwein,	S.	D.,	and	Zarkovic,	N.	 (2008).	Adaptation	 to	oxidative	
stress	induced	by	polyunsaturated	fatty	acids	in	yeast.	Biochim.	Biophys.	Acta	1781,	283–7.		
Costa,	V.,	 and	Moradas-Ferreira,	 P.	 (2001).	Oxidative	 stress	 and	 signal	 transduction	 in	 Saccharomyces	
cerevisiae:	Insights	into	ageing,	apoptosis	and	diseases.	Mol.	Aspects	Med.	22,	217–246.		
Gómez-Pastor,	R.,	Pérez-Torrado,	R.,	 and	Matallana,	E.	 (2012).	Modification	of	 the	 TRX2	gene	dose	 in	









Herrero,	E.,	Ros,	 J.,	Bellí,	G.,	 and	Cabiscol,	 E.	 (2008).	Redox	control	and	oxidative	 stress	 in	yeast	 cells.	
Biochim.	Biophys.	Acta	-	Gen.	Subj.	1780,	1217–1235.		
Hiltunen,	J.	K.,	Mursula,	A.	M.,	Rottensteiner,	H.,	Wierenga,	R.	K.,	Kastaniotis,	A.	J.,	and	Gurvitz,	A.	(2003).	






Howlett,	 N.	 G.,	 and	 Avery,	 S.	 V	 (1997).	 Induction	 to	 lipid	 peroxidation	 during	 heavy	 metal	 stress	 in	



































































oxidative	 stress	 damage	 induced	 by	 hydrogen	 peroxide	 in	 Saccharomyces	 cerevisiae.	 Front.	
Microbiol.	8,	1–14.		
Vigentini,	 I.,	 Gardana,	 C.,	 Fracassetti,	 D.,	 Gabrielli,	M.,	 Foschino,	 R.,	 Simonetti,	 P.,	 et	 al.	 (2015).	 Yeast	














































Melatonin	 (N-acetyl-5-methoxytryptamine)	 is	 a	 ubiquitous	 indolamine	 that	 plays	




genome-wide	 gene	 expression.	 The	 aim	 of	 this	 study	 was	 to	 unravel	 the	 role	 of	
melatonin	at	 the	 transcriptional	 level	 in	S.	cerevisiae	 in	 the	presence	and	absence	of	
oxidative	 stress.	We	 found	 that	 exogenous	melatonin	was	 able	 to	 cross	 cellular	 and	
subcellular	membranes	at	nanomolar	concentrations	and	modulate	the	expression	of	
genes	 related	 to	stress	 responses	 to	cadmium	and	other	metal	 ions.	However,	when	
cells	 were	 subjected	 to	 oxidative	 stress	 induced	 by	 H2O2,	 777	 genes	 that	 were	
differentially	 expressed	 in	 response	 to	 	melatonin	were	 identified	 by	 transcriptomic	
analysis.	 Melatonin	 conferred	 antioxidant	 and	 oxidoreductase	 activity	 to	 cells;	


























ways	 in	 which	melatonin	 acts	 as	 an	 antioxidant	 in	mammals	 have	 been	 extensively	
studied	(Reiter	et	al.,	2016;	Zhang	and	Zhang,	2014).	Thus,	melatonin	can	act	as	a	direct	
scavenger	to	detoxify	reactive	oxygen	species	(ROS)	and	other	free	radicals,	but	it	can	
also	 act	 indirectly	by	 activating	 antioxidant	 enzymes,	 increasing	 the	efficiency	of	 the	
mitochondrial	 electron	 transport	 chain	 and	 interacting	 synergistically	 with	 other	
antioxidants	(Antolín	et	al.,	1996;	León	et	al.,	2005;	Reiter	et	al.,	2000;	Rodriguez	et	al.,	
2004).		
Even	 since	 Sprenger	 et	 al.,	 1999	 related	 	 melatonin	 production	 to	 Saccharomyces	
cerevisiae,	several	studies	have	reported	on	the	ability	of	yeasts	to	synthetize	melatonin	
(Rodriguez-Naranjo	et	al.,	2012;	Vigentini	et	al.,	2015).	Melatonin	biosynthesis	in	yeasts	
is	believed	 to	have	a	 similar	 route	 relative	 to	 that	described	 in	vertebrates,	 in	which	
melatonin	is	synthesized	using	a	four-steps	pathway	from	its	precursor,	tryptophan	(Mas	
et	 al.,	 2014).	However,	 the	 role	of	melatonin	 in	 yeasts	 is	 still	 unknown.	We	 recently	
reported	that	melatonin	acts	as	an	antioxidant	molecule	in	a	wine	strain	of	S.	cerevisiae	
(Vázquez	et	al.,	2017).	Exogenously	applied	melatonin	enabled	cells	to	resist	the	stress	
generated	 by	 hydrogen	 peroxide,	 enhancing	 cell	 viability	 after	 ROS,	 decreasing	 the	
oxidized	glutathione	(GSSG)	and	increasing	the	reduced	glutathione	(GSH).	Furthermore,	
melatonin	activated	certain	genes	that	were	involved	in	the	oxidative	stress	response	










response)	 (Costa	 and	Moradas-Ferreira,	 2001;	 Jamieson,	 1998).	 The	 oxidative	 stress	
response	 is	 thus	 not	mediated	 by	 an	 isolated	 linear	metabolic	 or	 signaling	 pathway.	
Rather,	 cells	 are	 able	 to	 reprogram	 gene	 expression	 to	 optimize	 their	 signaling	
transduction	 for	more	 efficient	 and	 effective	 adaptation,	 setting	 up	 a	 general	 stress	





To	 gain	 insight	 into	 the	 antioxidant	 role	 and	 regulatory	mechanism	 of	melatonin	 in	
yeasts,	we	evaluated	the	effect	of	melatonin	on	gene	transcription	after	analyzing	the	
ability	of	the	yeast	to	incorporate	exogenous	melatonin	into	the	cell.	For	this	purpose,	
we	measured	 the	 intracellular	melatonin	 and	 performed	 a	 transcriptomic	 study	 in	 a	





QA,	 Canada),	was	 used	 in	 this	 study.	 For	 all	 the	 experiments,	 yeast	 rehydration	was	
performed	 according	 to	 the	manufacturer’s	 instructions,	 and	 yeast	 precultures	were	
prepared	in	YPD	liquid	medium	(2%	(w/v)	glucose,	2%	(w/v)	peptone	and	1%	(w/v)	yeast	
extract	(Panreac,	Barcelona,	Spain))	and	incubated	at	28ºC	for	24	h	with	orbital	shaking	
(120	 rpm).	 The	 yeast	 cells	 were	 subsequently	 inoculated	 into	 175	 mL	 (melatonin	
detection	assay)	or	50	mL	(transcriptomic	assay)	of	YPD	broth	(initial	population	5x103	






















analyzed	 by	 liquid	 chromatography-mass	 spectrometry,	 as	 described	 by	 Rodriguez-
Naranjo	et	al.,	2011,	using	a	liquid	chromatograph	coupled	to	a	triple	quadrupole	mass	
























































one-way	 analysis	 of	 variance	 (ANOVA)	 and	 Tukey’s	 post	 hoc	 test.	 The	 results	 were	
considered	statistically	significant	at	a	p-value	<	0.05	(XLSTAT	Software).	The	statistical	
transcriptomic	analysis	for	finding	the	significant	changes	between	the	conditions	was	










To	 evaluate	whether	 the	QA23	 strain	was	 able	 to	 incorporate	 exogenous	melatonin	
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The	 intracellular	melatonin	 amounts	 significantly	 increased	when	 the	 cells	 had	 been	
growing	with	melatonin	supplementation,	 independent	of	oxidative	stress,	 indicating	
that	S.	cerevisiae	(QA23	strain)	was	able	to	take	up	exogenous	melatonin	at	nanomolar	














up	 and	 2537	 down-regulated	 genes	 (Figure	 2A;	 H-Control).	 From	 those	 results,	 the	
expression	of	 1466	up	 (Figure	2B)	 and	2185	down	 (Figure	2C)-regulated	genes	were	
common	 under	 the	 stress	 condition	 (H)	 with	 exogenous	 melatonin	 (5MELH).	
Nevertheless,	melatonin	clearly	changed	the	expression	profile	of	the	cells	under	stress,	
showing	 492	 up	 and	 285	 down-regulated	 genes	 (Figure	 2A,	 5MELH	 -	 H).	 All	 these	
conditions	 showed	 four	 genes	 in	 common	 between	 them,	 and	 under	 the	 control	
conditions	(Figure	2B	and	C),	there	were	two	up-regulated	(RTS3	and	DIP5,	encoding	a	
putative	 component	 of	 protein	 phosphatase	 type	 2A,	 and	 a	 dicarboxylic	 amino	 acid	





































regulatory	mechanism	of	melatonin	 to	 analyze	which	GO	 terms	 (molecular	 function,	
biological	 process,	 and	 cellular	 component)	 were	 over-represented	 among	 all	 the	
differentially	expressed	genes	 in	the	presence	of	melatonin	or	stress.	Of	all	21	genes	
that	were	differentially	expressed	in	5MEL	with	respect	to	the	Control	condition	(Table	
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Both	 genes	 were	 also	 involved	 in	 superoxide	 dismutase	 activity,	 and	 its	 respective	
oxidoreductase	activity	acted	on	superoxide	 radicals	as	 the	acceptor	and	antioxidant	
activity	 (p-value	 ≤	 1.23E-03).	 Furthermore,	 six	 genes	 represented	 7.36%	 of	 the	 fold	
enrichment	 for	 the	 ion	 transmembrane	 transporter	 activity	 (p-value	 4.35E-02).	 The	
genes	that	were	up-regulated	by	melatonin	were		MPC3,	DUR3	and	DIP5,	encoding	a	
subunit	of	 the	mitochondrial	 pyruvate	 carrier	 (MPC,	 Zamboni	 et	 al.,	 2012),	 a	plasma	
membrane	 transporter	 for	 both	 urea	 and	 polyamines	 (Uemura	 et	 al.,	 2007)	 and	 a	
dicarboxylic	 amino	 acid	 permease,	 which	 mediates	 the	 high-affinity	 and	 capacity	
transport	 of	 L-glutamate	 and	 L-aspartate,	 respectively	 (Regenberg	 et	 al.,	 1998).	 	 By	






Gene	standard	name	 Name	description	 FC	 p-value	
PHO84	 Phosphate	transporter		 -2.34	 1.03E-04	
CTR1	 High-affinity	Cu	transporter	 -2.11	 4.51E-05	
YOR338W	 Hypothetical	protein	 -2.08	 4.06E-05	
GPX2	 Glutathione	peroxidase		 -2.07	 9.30E-05	
YFL051C	 Hypothetical	protein	 -1.83	 4.37E-05	
NDE1	 NADH-ubiquinone	reductase	(H(+)-translocating)		 -1.67	 7.68E-05	
GUT2	 Glycerol-3-phosphate	dehydrogenase	 -1.64	 8.27E-05	
AQR1	 Plasma	membrane	transporter	 -1.56	 1.26E-04	
ATF1	 Alcohol	O-acetyltransferase	 1.65	 7.90E-05	
MPC3	 Pyruvate	transporter		 1.86	 1.16E-04	
RTS3	 Component	phosphatase	type	2A	complex	 1.88	 3.61E-05	
DIP5	 Dicarboxylic	amino	acid	permease	 1.91	 3.83E-05	
IZH4	 Protein	involved	in	zinc	ion	homeostasis	 1.96	 1.50E-04	
ISF1	 Increasing	suppression	factor	 1.96	 1.21E-04	
DUR3	 Plasma	membrane	transporter	(urea	and	polyamines)	 1.97	 1.30E-04	
CUP1-2	 Metallothionein		 2.19	 4.63E-05	
ANB1	 Translation	elongation	factor	eIF-5A	 2.24	 1.52E-05	
TIR4	 Cell	wall	mannoprotein	 2.32	 2.89E-05	
CUP1-1	 Metallothionein		 2.36	 2.04E-05	
YHR022C	 Hypothetical	protein	 2.51	 1.52E-05	






The	 effect	 of	melatonin	was	 notoriously	 higher	 under	 oxidative	 stress.	 Interestingly,	
although	different	gene	expression	profiles	were	observed	under	higher	concentrations	
of	melatonin	 (Figure	 2A,	 25MELH–5MELH,	Table	 S1),	 no	 significant	 differences	were	
observed	in	molecular	functions	or	biological	processes.	The	molecular	functions	that	
were	over-represented	under	the	5MELH	condition	and	all	the	genes	involved	here	are	
listed	 in	 Table	 2.	 Of	 all	 the	 up-regulated	 genes,	 2.71%	were	 involved	 in	 antioxidant	
activity	and	11.48%	were	involved	in	oxidoreductase	activity,	with	those	two	molecular	
functions	 being	 the	 only	 ones	 over-represented	 ones	 under	 this	 condition.	 These	
percentages	were	representative	of	36.11%	and	15.63%,	respectively,	of	the	total	genes	
involved	 in	 these	 molecular	 functions	 in	 S.	 cerevisiae.	 The	 13	 genes	 involved	 in	
antioxidant	 activity	 that	 were	 transcriptionally	 induced	 by	 melatonin	 encoded	 2	
signaling	molecules	(ECM4	and	GTO1),	4	peroxidases	(DOT5,	HYR1,	GPX1	and	CTT1),	4	
oxidoreductases	 (TRX1,	 TRX2,	 GRX1	 and	 GRX2),	 both	 metallothioneins	 (CUP1-1	 and	
CUP1-2)	and	sulfiredoxin	(SRX1).	Moreover,	these	genes	were	also	included	within	the	
57	genes	involved	in	oxidoreductase	activity	(Table	2).	These	genes	have	been	described	
to	 be	 important	 against	 oxidative	 stress.	 For	 instance,	HYR1	 is	 similar	 in	 sequence,	
structure	 and	 function	 to	 the	 phospholipid	 hydroperoxide	 glutathione	 peroxidases	
(PHGPxs)	(Avery	et	al.,	2004;	Avery	and	Avery,	2001).	This	peroxidase	plays	an	important	
role	 against	 oxidative	 stress	 functioning	 as	 a	 hydroperoxide	 receptor,	 sensing	
intracellular	 hydroperoxide	 levels	 and	 transducing	 the	 redox	 signal	 to	 the	 oxidative	
stress	transcription	factor	Yap1p	(Delaunay	et	al.,	2002;	Ma	et	al.,	2007)	Furthermore,	
HYR1	 protects	 cells	 directly	 from	 peroxides	 during	 oxidative	 stress	 by	 acting	 on	
glutathione,	phospholipid	hydroperoxides	and	thioredoxins	as	substrates	(Delaunay	et	
al.,	 2002;	 Avery	 et	 al.,	 2004).	 TRX1	 and	 TRX2,	 encode	 thioredoxins	 and	 they	 are	
specialized	 in	 protecting	 cells	 against	 ROS.	 They	 are	 essential	 for	 YAP1-dependent	
resistance	to	hydroperoxides	(Gómez-Pastor	et	al.,	2012;	Herrero	et	al.,	2008;	Kuge	and	
Jones,	1994),	whereas	glutaredoxins	(GRX1	and	GRX2)	regulate	the	protein	redox	state	
by	 using	 GSH	 and	 NADPH.	 SRX1	 is	 a	 sulfiredoxin	 that	 reduces	 cysteine-sulfinic	 acid	










down-regulated),	 organic	 cyclic	 compound	 binding	 (with	 41.14%),	 and	 binding	 (with	
58.21%)	(Table	2).	
	
Table	 2.	Molecular	 function	 enrichment	 from	Gene	 ontology	 (GO)	 analysis	 of	 differentially	 expressed	














YKL071W,	QCR9,	COX5A,	 EUG1,	HFD1,	GPX1,	GDH3,	AAD10,	DOT5,	 TSC13,	QCR7,	COX7,	 FDH1,	
ECM4,	THI4,	HYR1,	MXR1,	COX2,	YCR102C,	TRX1,TRX2,	DLD3,	COX1,	ETR1,	PRM4,	SER33,	FRE3,	
GRX1,	 SDH4,	GRX2,	COX8,	COQ11,	YJR096W,	 CTT1,	GAL80,	CUP1-2,	AYR1,	COX3,	HOM6,	GLT1,	


















LAS17,	 ALT2,	 YME1,	 VTS1,	 UBX2,	 AIM10,	 SLX5,	 SEC1,	 CRN1,	 NFS1,	 TOS8,	 YGR054W,	 UTP15,	































The	 GO	 enrichment	 analysis	 indicated	 that	 several	 biological	 processes	 were	
significantly	affected	by	melatonin	treatment	under	oxidative	stress	(Figure	3,	Table	S2).	
It	 is	 important	to	highlight	that	the	most	 frequently	represented	biological	processes	
were	classified	by	up-regulated	genes	(Table	S2),	which	were	involved	in	mitochondrial	
electron	transport	(approximately	60%	of	the	genes	involved	in	this	biological	process	























































whose	 expression	was	modified	when	 comparing	 5MEL	 and	Control	 conditions,	 only	
glutathione	peroxidase	(GPX2)	and	glycerol-3-phosphate	dehydrogenase	(GUT2),	both	









10%	 of	 the	 total	 genes	within	 the	 pathway	 (Table	 3).	 The	 primary	 differences	were	
classified	into	the	following	different	pathways:	





























Table	 3.	 Enriched	 pathways	 from	 KEGG	 analysis	 database	 of	 genes	 differentially	 expressed	 among	
stressed	cells	 in	absence	or	presence	of	melatonin	 (5	µM)	(5MELH	–	H).	Percentages	are	calculated	 in	
relation	to	the	total	genes	involved	in	each	pathway	in	S.	cerevisiae.	
 
Pathway % of total genes Gene name (up-regulated) Gene name (down-regulated) 
METABOLISM    
Global and overview maps    
Carbon metabolism 13.04 ACS1, CIT2, GPM2, SDH4, EMI2, NQM1, CTT1, SER33, MET17, FDH1 ALT2, ILV1, MAE1, MET12 
2-Oxocarboxylic acid metabolism 11.43 CIT2, BAT1 ALT2, ILV3 
Fatty acid metabolism 18.18 ETR1, TSC13, POX1, PHS1  
Biosynthesis of amino acids 9.76 CIT2, GPM2, GLT1, NQM1, BAT1, SER33, HOM6, MET17, ARO7 ALT2, ILV1, ILV3 
Carbohydrate metabolism    
Glycolysis / Gluconeogenesis 10.34 ACS1, GPM2, EMI2, HFD1, ALD3 ALD5 
Citrate cycle (TCA cycle) 6.25 CIT2, SDH4  
Pentose phosphate  7.14 NQM1  
Fructose and mannose metabolism 8.70 EMI2, PMI40  
Galactose metabolism 8.33 EMI2, IMA3  
Starch and sucrose metabolism 9.75 EMI2, IMA3, GPH1 NTH1 
Amino sugar and nucleotide sugar 9.38 EMI2, PMI40, CHS1  
Inositol phosphate metabolism 15.00 STT4, PLC1 INP51 
Pyruvate metabolism 12.82 ACS1, DLD3, HFD1 ALD5, MAE1 
Glyoxylate and dicarboxylate 11.54 CIT2, CTT1, FDH1  
Propanoate 7.69 ACS1  
Energy    
Oxidative phosphorylation 23.61 
COX1, ATP8, COX2, COX3, COX5A, 
COX6, COX7, COX8, COX17, SDH4, 
QCR7, QCR9, ATP14, ATP15, ATP18, 
ATP20 
BI4 
Methane metabolism 14.29 ACS1, GPM2, SER33, FDH1  
Nitrogen metabolism 57.14 GDH3, GLT1, NCE103 YJR149W  
Sulfur metabolism 20.00 CYC7, MET14, MET17  
Lipid metabolism    
Fatty acid elongation 37.5 ETR1, TSC13, PHS1  
Fatty acid degradation 15.79 POX1, HFD1 ALD5 
Steroid biosynthesis 11.76  ERG11, ARE2 
Glycerolipid metabolism 7.69 HFD1 ALD5 
Glycerophospholipid metabolism 5.41 AYR1, CPT1  
Ether lipid metabolism 28.57 AYR1, CPT1  
Sphingolipid metabolism 7.14 SUR2  
Arachidonic acid metabolism 40.00 HYR1, GPX1  
alpha-Linolenic acid metabolism 33.33 POX1  
Biosynthesis of unsaturated fatty acids 27.27 TSC13, POX1, PHS1  
Nucleotide metabolism    
Purine metabolism 8.08 YSA1, RPB5, RPC11, DPB4, RPA12, MET14, RPB10 RPA34 






Pathway % of total genes Gene name (up-regulated) Gene name (down-regulated) 
Amino acid metabolism    
Arginine biosynthesis 11.76 GDH3 ALT2 
Alanine, aspartate and glutamate 
metabolism 10.00 GDH3, GLT1, ASP3-1 ALT2 
Glycine, serine and threonine metabolism 15.15 GPM2, SER33, HOM6 HEM1-5, ILV1 
Cysteine and methionine metabolism 12.50 BAT1, HOM6, SPE4, MET17, SAM4, ACS1  
Valine, leucine and isoleucine 
degradation 
 
23.08 BAT1, HFD1 ALD5 
Valine, leucine and isoleucine 
biosynthesis 25.00 BAT1 ILV1, ILV3 
Lysine biosynthesis 8.33 HOM6  
Lysine degradation 14.29 HFD1 ALD5 
Arginine and proline metabolism 19.04 SPE4, HDF1 ALD5, CAR2 
Histidine metabolism 21.42 HDF1, ALD3 ALD5 
Tyrosine metabolism 7.14 ALD3  
Phenylalanine metabolism 9.09 ALD3  
Tryptophan metabolism 17.65 CTT1, HFD1 ALD5 
Metabolism of other amino acids    
b-Alanine metabolism 30.77 SPE4, HFD1 ALD5 
Phosphonate and phosphinate 25.00 CPT1  
Cyanoamino acid 12.50 ASP3-1  
Glutathione metabolism 16.67 HYR1, GPX1, SPE4  
Glycan biosynthesis and metabolism   
N-Glycan biosynthesis 13.33 ALG14, OST4, ALG6, OST2  
Various types of N-glycan biosynthesis 13.33 ALG14, OST4, OST2 VAN1 
Glycosylphosphatidylinositol (GPI)-
anchor biosynthesis 12.00 GPI18, GPI19, GPI13  
Metabolism of cofactors and vitamins   
One carbon pool by folate 6.67  MET12 
Thiamine metabolism 21.05 THI4, THI80, THI6 NFS1 
Vitamin B6 metabolism 8.33 YPR127W  
Nicotinate and nicotinamide metabolism 5.00 PNC1  
Pantothenate and CoA biosynthesis 20.00 BAT1 ILV3, CAB3 
Lipoic acid metabolism 33.33 AIM22  
Folate biosynthesis 12.50 FOL2  
Porphyrin and chlorophyll 1 metabolism 11.76  HEM3, HEM1-5 
Metabolism of terpenoids and polyketides   
Terpenoid backbone biosynthesis 15.79 STE14, IDI1 COQ1 
GENETIC INFORMATION PROCESSING   
Transcription    
RNA polymerase 16.67 RPB5, RPC11, RPA12, RPB10 RPA34 
Basal transcription factors 6.25 TAF2 NPL3 
Spliceosome 6.33 LSM2, SSA4, BRR2, SMD1, SMD2, HSH155, LSM7, DIB1 
ECM2, BUD31, ISY1, MUD2, 
PRP19 
Translation    






Pathway % of total genes Gene name (up-regulated) Gene name (down-regulated) 
Ribosome 8.91 
MRPS5, MRPS5, MRPL3, RPL27B, 
RSM18, RPS27B, RPS14B, MRP17, 
RPS27A, RPS30A, RPL18B, RPS9A, 
RTC6, RPL7B, MRP2 
MRP4 
RNA transport 7.53 
POP7, POP4, POP6, GCD2, NUP133, 
RPM2 MLP1 
Aminoacyl-tRNA biosynthesis 0.89  AIM10, DPS1, MSK1 
mRNA surveillance 8.69 CFT1, SKI7 CDC55, RTS1 
Folding, sorting and degradation    
RNA degradation 14.52 LSM2, LSM7, SKI7, SKI3 DHH1, SSC1, TRF5, POP2 , RRP6 
Proteasome 17.14 RPN6, SEM1, RPN9, PRE4, RPN12, PRE9  
Protein export 4.55 SRP102  
Ubiquitin mediated proteolysis 10.02 UBC8, GRR1, NUBC12, UBC7 RSP5, CDC20, PRP19, UBC11 
Sulfur relay system 14.29  NFS1 
SNARE interactions in vesicular 
transport 15.00 SNC1, TLG2, SNC2  
Protein processing in endoplasmic 
reticulum 
16.28 
HSP26, YET3, OST4, HSP42, EUG1, 
SSA4, EMP47, SSM4, UBC7, OST2, 
MPD1 
RAD23, EPS1, UBX2 
Replication and repair    
DNA replication 12.90 RFC5, DPB4 CDC9, RAD27 
Base excision repair 16.67 DPB4 CDC9, RAD27 
Nucleotide excision repair 18.92 RFC5, DPB4, RAD26, RAD10, RAD14 CDC9, RAD23 
Mismatch repair 15.00 RFC5, PMS1 CDC9 
Homologous recombination 15.00 SEM1 TEL1, MRE11 
Non-homologous end-joining 30.00  RAD27, YKU80, MRE11 
ENVIRONMETAL INFORMATION PROCESSING   
Membrane transport    
ABC transporters 33.33 PXA1 ATM1 
Signal transduction    
MAPK signaling  10.53 CDC28, YPD1, CTT1, STT4 TUP1, MKC7, PKH1, RSP5, SLT2, STE12, SPA2, SLG1 
Phosphatidylinositol signaling system 9.10 STT4, PLC1 INP51 
CELLULAR PROCESSES    
Cell growth and death    
Cell cycle  7.94 CDC28, GRR1 CLN3, MRC1, TUP1, YHP1, SCC4, CDC20, CDC55, SLK19 
Meiosis 7.69 CDC28, HMRA1, HXT6, HXT5 CLN3, RGT2, SPS1, CDC20, RTS1, SLK19 
Transport and catabolism    
Autophagy  16.67 SEC17, ATG8, ATG12, ATG9, ATG31, 
MON1, TOR1, YPT7, ATG5, ATG29 
PRB1, SLT2, SCH9, VPS16 
Mitophagy 19.51 ATG8, FMC1, TOR1, VPS1 SLT2, BRE5, SLG1, YME1 
Endocytosis 12.16 SSA4, MVB12, PEP8, ARC18, YPT7, IST1, VPS28 RSP5, LAS17 
Phagosome 2.94 YPT7  
Peroxisome 15.79 PEX19, YAT2, POX1, CTT1, PXA1 PEX1 
ORGANISMAL SYSTEMS    
Aging    
Longevity regulating pathway - multiple 
species 19.44 








metabolic	 flux	 via	 enhanced	 glycolysis,	 pyruvate	 and	 TCA	 cycle	 metabolism.	 For	
exemple,	genes	such	as	ACS1,	which	encodes	acetyl-CoA	synthetase	(De	Jong-Gubbels	










reform	 ATP	 in	 mitochondria,	 with	 23%	 of	 the	 genes	 up-regulated	 under	 5MELH	
compared	to	H.	In	fact,	many	of	the	genes	that	were	up-regulated	by	melatonin	under	
oxidative	stress	were	 involved	 in	mitochondrial	processes,	namely	electron	 transport	






These	 pathways	 were	 clearly	 modified	 by	 the	 presence	 of	 melatonin	 under	 stress	
conditions,	especially	the	genes	involved	in	arachidonic	acid	metabolism	(with	40%	of	
the	genes	in	this	pathway	being	up-regulated),	the	fatty	acid	elongation	(37.5%)	and	the	
biosynthesis	 of	 unsaturated	 fatty	 acids	 (27%),	 which	 were	 up-regulated.	 Thus,	 the	
expression	 of	 genes	 such	 as	 HYR1	 and	 GPX1	 were	 involved	 in	 the	 conversion	 of	
arachidonic	acid	into	5-HETE	(5S-hydroxy-6,8,11,14-eicosatetraenoic	acid),	POX1,	which	
encodes	 fatty-acyl	 coenzyme	 A	 oxidase	 and	 is	 involved	 in	  b-oxidation;	PXA1,	 which	









down-regulated.	 The	 isomerase	 enzyme	 encoded	 by	 IDI1	 that	 is	 involved	 in	 the	
biosynthesis	of	isoprenoids	and	the	sterol	precursor	squalene	(Chemler	et	al.,	2006)	was	





and	 folate	 (FOL2)	 were	 up-regulated	 during	 their	 growth	 with	 melatonin.	 Thiamine	
possesses	antioxidative	effects,	and	its	protective	properties	seem	to	be	necessary	for	
the	effectiveness	of	 the	defense	mechanisms	 (Wolak	et	al.,	2014).	THI4	 is	 reportedly	
required	 for	 mitochondrial	 genome	 stability	 in	 response	 to	 DNA	 damaging	 agents	
(Machado	et	al.,	1997;	Chatterjee	et	al.,	2007).	One	of	the	functions	of	spermidine	is	to	
protect	cells	from	damage	caused	by	ROS	produced	by	H2O2	(Rider	et	al.,	2007;	Valdés-
Santiago	 and	 Ruiz-Herrera,	 2013).	 Folic	 acid	 has	 been	 related	 to	 sulfamethoxazole	
resistance,	regardless	of	whether	the	strains	were	folate	utilizers	or	not	 (Bayly	et	al.,	
2001).	 In	 addition,	melatonin	up-regulated	AIM22	 involved	 in	 lipoic	 acid	metabolism	
which	 confers	 resistance	 to	 oxidative	 stress	 (Schonauer	 et	 al.,	 2009).	 By	 contrast,	
melatonin	down-regulated	the	neutral	trehalase	encoded	by	NTH1,	which	degrades	the	





3).	 These	 kinases	 were	 up-regulated,	 and	 they	 included	 cyclin-dependent	 kinase,	 as	
encoded	by	CDC28,	which	is	a	regulator	of	the	mitotic	and	meiotic	cell	cycle	pathway	
(Table	3);	cytosolic	catalase	T,	encoded	by	CTT1,	with	a	role	in	H2O2	damage	protection;	






mating	 or	 pseudohyphal/invasive	 growth	 pathways,	 was	 down-regulated.	 Because	
CDC28	 was	 up-regulated	 and	 SLG1,	 STL2,	 SPA2	 and	 PKH1	 were	 down-regulated	 by	
melatonin,	melatonin	seems	to	favor	G2/M	delay	and	filamentation	(Starovoytova	et	al.,	
2013).	In	addition,	melatonin	down-regulated	genes	were	involved	in	nutrient	starvation	
(MKC7	 and	STE12)	 and	up-regulated	 genes	were	 involved	 in	MAPK	 signaling	 by	 high	
osmolality	and	included	YPD1	and	CTT1.		
Additionally,	 melatonin	 was	 involved	 in	 the	 phosphatidylinositol	 signaling	 pathway,	
which	 is	 connected	 to	 the	 MAPK	 pathway	 by	 phosphatidylinositol-4-kinase	 (PI4P2),	
which	is	encoded	by	STT4	and	was	up-regulated	(Table	3).	STT4	is	an	essential	gene	for	
cell	viability	(Audhya	et	al.,	2000;	Yoshida	et	al.,	1994)	and	it	catalyzes	the	synthesis	of	





catabolism.	The	 important	genes	 involved	 in	regulating	oxidative	stress	were,	among	






involved	 in	 the	 TORC1	 and	 RAS-cAMP	 pathway,	 was	 clearly	 down-regulated	 with	











µM	MEL;	 thus,	 no	 significantly	 differences	 were	 observed	 between	 them	 (25MELH-
5MELH).	
3.5.	Physiological	changes	in	the	lipid	composition	


















































































a	 a	 b	 	b	




a	 a	 b	 b	




a	 a	 	a,b	 a	
















































In	vertebrates,	 several	melatonin	 functions	are	mediated	by	 its	membrane	 receptors	
(Slominski	 et	 al.,	 2012),	 but	 others	 are	 receptor-independent,	 such	 as	 antioxidant	
activity,	for	which	melatonin	is	required	to	penetrate	the	cell	and	enter	the	intracellular	
compartments	 (Galano	 et	 al.,	 2011).	 As	 reported	 in	 mammals	 (Reiter	 et	 al.,	 2007;	
Rodriguez	et	al.,	2004),	S.	cerevisiae	was	able	to	 incorporate	exogenous	melatonin	at	
nanomolar	 concentrations,	 and,	 among	other	 possible	 roles,	 it	 could	modulate	 gene	
expression	 independently	 of	 oxidative	 stress.	 Although	 the	 levels	 of	 incorporated	
melatonin	were	also	at	nanomolar	concentration,	these	melatonin	levels	were	higher	





membrane	 permeability	 and	 its	 gradient,	 which	 might	 promote	 changes	 in	 cellular	
transport	(Folmer	et	al.,	2008)	that	could	favor	the	entry	of	melatonin	into	the	cell.		
Due	to	its	amphipathic	nature,	melatonin	is	speculated	to	pass	the	cell	membrane	with	
ease;	 however,	 the	 exact	mechanisms	 by	which	melatonin	 enters	 into	 cells	 remains	
unknown.	 Recently,	 it	 was	 reported	 that	 a	 facilitated	 diﬀusion	 was	 involved	 in	






As	 described	 in	 lines	 of	 human	 tumor	 cells	 lines	 (Alonso-Gonzalez	 et	 al.,	 2008),	




In	 our	 previous	 results	 (Vázquez	 et	 al.,	 2017),	 in	which	we	 analyzed	 different	 genes	
related	to	yeast	antioxidant	defenses	using	qPCR,	the	glutathione	peroxidase	encoded	
by	 GPX1	 was	 slightly	 down-regulated	 by	 melatonin	 in	 cells	 that	 were	 at	 the	 early	
exponential	phase.	Furthermore,	the	cytosolic	dismutase	(Cu/ZnSOD)	encoded	by	SOD1	
was	 slightly	 up-regulated,	 which	 could	 be	 in	 accordance	 with	 metallothioneins	
overexpression.	 Our	 results	 seem	 to	 indicate	 that	 the	 protective	 role	 of	 melatonin	
against	metals	 also	works	 in	 S.	 cerevisiae	 because	melatonin	 is	 able	 to	 activate	 the	
different	cellular	defense	mechanisms,	even	without	the	presence	of	metals	to	better	
endure	 further	 stresses.	 However,	 physiological	 changes	 have	 been	 observed	 with	
melatonin	supplementation	in	the	absence	of	stress,	which	could	not	be	uncovered	by	









Cells	 that	 were	 pretreated	 with	 melatonin	 under	 oxidative	 stress	 showed	 greater	







transcriptomic	 assays,	 but	 their	 expression	 tended	 to	 be	 higher	 in	 the	 presence	 of	
melatonin.	GPX1	is	a	paralogue	of	HYR1	that	functions	as	a	hydroperoxide	receptor	to	
transduce	the	redox	signal	to	Yap1p	and	it	seem	to	be	important	to	activate	arachidonic	




can	 incorporate	 exogenous	 PUFAs,	 as	 it	 only	 possesses	 D9	 desaturase	 AA	 was	 not	
present	in	its	FA	composition.	As	described	in	human	cells,	arachidonate	potentiation	
by	 melatonin	 could	 be	 a	 parallel	 immediate	 and	 transient	 intracellular	 free	 radical	
stimulation	pathway	(	Godson	and	Reppert,	1997,	Radogna	et	al.,	2009,	2010).	
Mitochondria	 are	 believed	 to	 be	 the	 biological	 targets	 of	 melatonin	 in	 human	 cells	
(Reiter	et	al.,	2016),	and	they	are	the	primary	ATP-generating	organelles	in	eukaryotic	
cells.	Furthermore,	mitochondria	are	both	the	source	and	the	site	for	the	detoxification	
of	 reactive	 oxygen	 species	 in	 yeast	 (Chevtzoff	 et	 al.,	 2010;	 Rhoads	 et	 al.,	 2006).	 As	
reported	 in	humans	 (León	et	 al.,	 2005;	Martín	et	 al.,	 2000),	our	 results	 showed	 that	
melatonin	 modulated	 mitochondria	 at	 the	 transcriptional	 level	 in	 S.	 cerevisiae,	
increasing	the	expression	of	genes	related	to	the	respiratory	chain	(complex	II,	III	and	










signature	 lipid	 of	 inner	 mitochondrial	 membranes,	 was	 also	 higher,	 with	 melatonin	
supplementation	 indicating	 the	 stabilization	 of	 transport	 chain	 complexes	 and	
resistance	against	oxidative	stress	(De	Kroon	et	al.,	2013;	Joshi	et	al.,	2009).	Our	results	
indicate	that,	as	in	vertebrates	(Reiter	et	al.,	2016),	melatonin	acts	as	a	mitochondria-






et	 al.,	 1997;	 Zhao	 et	 al.,	 2015).	 In	 fact,	 melatonin	 also	 activated	 genes	 involved	 in	
glycolysis	and	the	TCA	cycle,	 indicating	the	importance	of	choosing	the	most	efficient	
route	 to	 generate	 and	maintain	 energy	 reserves	 in	 cells.	 The	 presence	 of	melatonin	
increased	the	total	FA	levels,	specifically,	the	monounsaturated	FA	such	as	palmitoleic	
and	oleic	acids,	leading	to	higher	UFA/SFA	ratios,	which	have	been	related	to	a	higher	











of	 the	 end	 product	 ergosterol,	 as	 previously	 described	 by	 Yuan	 and	Ching	 2015	 and	
Servouse	and	Karst	1986.		Thus,	this	increase	in	the	ergosterol	content	might	be	due	to	
either	 posttranscriptional	 enzyme	 activation	 or	 to	 higher	 oxygen	 availability	 in	 the	





Another	possibility	would	be	 a	 higher	 ergosterol	 uptake	under	melatonin,	 but	 sterol	
import	in	S.	cerevisiae	is	specific	to	anaerobic	growth,	a	phenomenon	known	as	aerobic	
sterol	exclusion	(Lorenz	and	Parks,	1987;	Zavrel	et	al.,	2013).	Moreover,	melatonin	up-













of	 MAPK	 pathways,	 whereas	 the	 presence	 of	 antioxidants	 and	 inhibitors	 of	 ROS-
producing	 enzymatic	 systems	 block	 the	 activation	 of	 the	MAPK	 pathway	 (Son	 et	 al.,	
2011).	Under	the	stress	conditions	in	this	study,	STE11	was	up-regulated.	STE11	is	one	
of	the	core	genes	in	the	MAPK	kinase	cascade,	being	involved	in	the	yeast	pheromone	
response,	 pseudohyphal/invasive	 growth	 pathways	 and	 high-osmolarity	 response	
pathway,	 therefore	activating	the	MAPK	pathway.	 Instead,	under	stress	conditions	 in	
the	presence	of	melatonin,	the	down-regulation	of	STE12	occurs.	STE12	is	a	transcription	
factor	 that	 regulates	 the	mating	genes	and	the	 filamentous	growth,	although	after	 it	
forms	a	hetero-multimer	with	TEC1,	it	seems	to	confirm	that	the	presence	of	melatonin,	
which	implies	a	reduction	of	ROS	content,	can	reduce	the	activation	of	this	pathway.							












This	 study	 shows	how	melatonin	apparently	appears	 to	 indirectly	provide	yeast	with	
highly	efficient	machinery	 to	maintain	 a	 reduced	environment.	As	 Zhao	et	 al.	 (2015)	
noted	in	a	mutant	strain	with	higher	tolerance	to	H2O2,	some	of	the	genes	involved	in	
carbohydrate	 metabolism,	 fatty	 acid	 degradation,	 glycolysis/gluconeogenesis,	 the	
peroxisomal	matrix,	pyruvate	metabolism,	amino	acid	metabolism	and	nucleotide	repair	
pathways	 were	 crucial	 to	 oxidative	 stress	 tolerance.	 Furthermore,	 as	 described	 in	
humans,	 melatonin	 may	 stimulate	 other	 antioxidant	 molecules	 such	 as	 thiamines,	
spermidines,	folic	acid	or	lipoic	acid.	
5.	CONCLUSIONS	
This	 study	 is	 the	 first	 to	 reveal	 the	yeast	 transcriptional	 response	 in	 the	presence	of	
exogenous	 melatonin.	 S.	 cerevisiae	 was	 able	 to	 incorporate	 exogenous	 melatonin,	
which,	once	inside,	it	acted	on	a	genome-wide	gene	expression	level.	In	the	absence	of	
stress,	melatonin	exposure	appears	 to	prepare	cells	 for	 further	oxidant	assaults,	and	
melatonin	clearly	modulated	genes	related	to	antioxidant	defenses	systems,	conferring	
a	 higher	 power	 of	 detoxification	 against	 oxidative	 stress	 to	 the	 cell.	 Under	

















Supplementary	 Table	 1.	Genes	 differentially	 expressed	 (fold	 change	 (FC)	 ³1;	 p-value	 <	 0.05)	 by	 the	
increase	of	melatonin	concentration	(25	µM	and	5	µM)	in	cells	under	oxidative	stress	with	2	mM	of	H2O2	
(25MELH	–	5MELH)	
Gene standard name Name description FC p-value 
YDL114W Putative short-chain dehydrogenase/reductase 2.36 3.35E-02 
YKL070W Putative protein of unknown function 2.00 1.44E-02 
ERR1 Enolase-related repeat 1.92 1.78E-02 
YOR387C Putative protein of unknown function 1.88 1.50E-02 
YGL118C	 Putative protein of unknown function 1.83 1.37E-03 
YPL257W Putative protein of unknown function 1.75 1.67E-02 
YJL027C Putative protein of unknown function 1.68 2.74E-02 
IRC4 Increased recombination centers 1.65 3.80E-02 
FIG1 Factor induced gene 1.56 4.43E-02 
YDL151C	 BUD site selection 1.55 4.72E-02 
YNL194C Integral membrane protein 1.52 4.01E-02 
YCL001W-A Putative protein of unknown function 1.40 2.10E-02 
FRM2 Fatty acid repression mutant 1.39 3.49E-02 
YPR038W	 Increased recombination centers 1.39 3.59E-02 
AGA2 a-Aglutinin 1.36 2.71E-02 
PIR3 Protein containing internal repeats 1.33 2.02E-04 
DAK2 Dihydroxyacetone kinase 1.32 1.30E-02 
YGR115C	 Dubious open reading frame 1.32 7.46E-03 
MSH4 Protein involved in meiotic recombination 1.30 3.56E-02 
YLL017W	 Non-essential Ras guanine nucleotide exchange factor 1.29 3.71E-02 
YOR338W Putative protein of unknown function 1.25 3.84E-03 
PDC5 Pyruvate decarboxylase 1.25 1.44E-02 
SRX1 Sulfiredoxin 1.24 4.51E-02 
CRF1 Co-repressor with FHL1 1.24 2.84E-02 
YML057C-A	 Dubious open reading frame 1.22 4.85E-02 
YPR077C	 Dubious open reading frame 1.22 4.43E-02 
SEG2 Stability of eisosomes guaranteed 1.21 4.50E-02 
NPL3 Nuclear protein localization 1.20 1.02E-02 
TSL1 Trehalose synthase long chain 1.18 2.97E-03 
SFK1 Supressor of four kinase 1.18 4.53E-02 
YEL077C Helicase-like protein  1.17 3.42E-02 
EAF1 Esa1p-associated factor 1.16 1.37E-02 
DYS1 Deoxyhypusine synthase 1.15 1.91E-02 
GAD1 Glutamate decarboxylase 1.14 1.99E-02 
CWC23 Complexed with Cef1p 1.13 1.42E-02 
YCR061W Protein of unknown function 1.11 3.71E-02 
GLO4 Glyoxalase 1.10 4.88E-02 
RSC8 Remodel the structure of chromatin 1.10 4.19E-02 
CIS3 Clk1 suppressing 1.10 3.24E-02 
YNL046W Putative protein of unknown function 1.09 4.36E-02 
MEF2 Mitochondrial elongation factor -1.09 4.00E-02 
ESBP6 Protein with similarity to monocarboxylate permeases -1.09 3.36E-02 











Gene standard name Name description FC p-value 
LOS1	 Loss of suppression -1.09 4.90E-02 
YKR070W	 Putative protein of unknown function -1.10 4.23E-02 
PLC1	 Phospholipase C -1.10 3.46E-02 
EMC5	 ER membrane protein complex -1.10 4.97E-02 
AVT7	 Amino acid vacuolar transport -1.11 4.35E-02 
AIM20	 Putative protein of unknown function -1.11 3.52E-02 
YOR093C	 Putative protein of unknown function -1.12 2.51E-02 
AXL2	 Integral plasma membrane protein -1.12 3.59E-02 
MET18	 Methionine requiring -1.12 2.24E-02 
CTO1	 Protein required for cold tolerance -1.12 2.47E-02 
ERG8	 Ergosterol biosynthesis -1.12 3.43E-02 
YGR016W	 Putative protein of unknown function -1.12 2.45E-02 
YCR064C		 Dubious open reading frame -1.12 2.62E-02 
YNL092W	
S-adenosylmethionine-dependent protein 
methyltransferase -1.12 3.83E-02 
REF2	 RNA-binding protein -1.13 3.41E-02 
RTP1	 Required for the nuclear transport of RNA Pol II -1.13 2.55E-02 
SEC59	 Dolichol kinase -1.13 2.63E-02 
DAD4	 Duo1 and Dam1 interacting -1.13 4.70E-02 
MIF2	 Mitotic fidelity of chromosome transmission -1.13 4.80E-02 
TEL2	 Telomere meintenance -1.13 3.27E-02 
TDA11	 Topoisomerase I damage affected -1.13 2.12E-02 
YKR051W	 Putative protein of unknown function -1.13 4.39E-02 
NGL1	 Putative endonuclease -1.14 3.86E-02 
MNE1	 Protein involved in splicing  -1.14 3.12E-02 
OST4	 Oligosaccharyltransferase -1.14 2.22E-02 
PCI8	 Proteasome-COP9 signalosome (CSN)-eIF3 -1.14 2.32E-02 
YBL096C		 Non-essential protein of unknown function -1.14 4.13E-02 
AEP2	 ATPase expression -1.16 4.16E-02 
APL2	 Clathrin adaptor protein complex large chain -1.16 2.71E-02 
SPT20	 Supressor of Ty -1.18 3.00E-02 
YBL070C		 Dubious open reading frame -1.19 2.40E-02 
YDR467C		 Dubious open reading frame -1.20 2.39E-02 
STE11	 Signal transducing MEK kinase -1.21 4.64E-02 
CRC1	 Carnitine carrier -1.26 4.48E-02 
SPL2	 Suppressor of PLc1 deletion -1.27 3.82E-02 
YBL094C		 Dubious open reading frame -1.41 3.16E-03 
YLR217W		 Dubious open reading frame -1.50 2.85E-02 
DAL1	 Degradation of allantoin -1.61 4.58E-02 











GO term biological process (p-









Mitochondrial electron transport, 






YKL071W, QCR9, RGI1, COX5A, EUG1, HFD1, GPX1, GDH3, AAD10, DOT5, TSC13, QCR7, COX7, 
FDH1, ECM4, THI4, HYR1, GPH1, MXR1, COX2, MIX14, YCR102C, TRX1,TRX2, DLD3, COX1, ETR1, 
PRM4, CYC7, SER33, FRE3, GRX1, SDH4, GRX2, COX8, COQ11, YJR096W, CTT1, GAL80, AYR1, COX3, 
HOM6, GLT1, FRE6,, TPA1, GTO1, YLR456W, ALD3, YKL107W, MET14, SUR2, COQ10, ALG6, ACS1, 
MPD1, COX6, POX1, YPR127W, CIT2, HBN1, SRX1, ALD3, CIR1 
 




HUT1, YPT7, NTF2, JEN1, CHS7, BAT1,YBT1, ATP18, HOT13, GET1, ATP14, VPS68, CDC31, ATP8, 
QCR9, TVP18, ROY1, ECM10, COX5A, SEC3, GFD1, YGL140C, MAL31, ATG8, GYP8, MFM1, PDR16, 
OPT1, SRP102, VPS1, COG1, SIS1, RER1, ATG31, PBI2, SNC1, CRC1, VPS28, RAV2, YET2, YIP3, GET4, 
NUP133, QCR7, COX7, AQY2, SEM1, EGD1, CDC28, IST1, TIM8, DSS4, HSP30, SIW14, ATP15, RTA1, 
TLG2, COX2, TRX1,TRX2, HXT6, VHC1, COX1, TRS33, NDL1, GMH1, CNL1, COS7, ACB1, FRE3, ATG9, 
EMP47, CCC2, SNC2, ATG5, HSP10, YPT6, BLS1, COX8, CUR1, PEX19, TOM7, IST3, ERV14, PHS1, 
SGE1, YSP2, ATP20, YLL053C, ATG12, PEX25, MRS4, COX3, SEC17, TPM2, TVP15, FRE6, ADY2, 
COX17, YET3, PFY1, YIF1, SPL2, ROD1, SEC66, YAT2, ERP5, COG3, BLI1, MST28, PTH1, HXT5, YOP1, 
BTN2, PAM17, SNX41, IRC6, PEP8, ATG29, COX6, COG7, PEP12, OM14, PMP2, COF1, MON1, SSA4, 
















LAS17, SLK19, YOL019W, YME1, VTS1, VAN1, UBX2, AIM10, MRP4, SLX5, SEC1, CRN1, NFS1, 
YGR054W, IFH1, UTP15, MSS116, ERG11, CAF4, CWC2, MRM1, MMT1, RTT101, PCL8, RRP14, INP51, 
INN1, PKH1, UFO1, YCL001W-B, INP1, EAF1, RIO1, PET9, CBK1, EXO84, PIR3, CCM1, SNF2, 
YJR084W, EPS1, STD1, CMP2, MSK1, GPB1, STE12, YKU80, VAC17, POP2, HOS3, EAR1, MLP1, 
RAD23, UPC2, BCK2, MED1, CPS1, UBP13, IPT1, SPA2, UBP10, CHS5, YSC84, ERC1, MSL5, RCK1, 
MKC7, TMN2, FET5, YCR061W, TEL1, YCL001W-A, USO1, ILV3, PUS7, MLP1, ERF2, NRD1, SEY1, 
DSN1, UBC11, KTR7, MSO1, PUF4, FAR10, ADA2, LSG1, CDD1, RPA34, SRO9, NTH1, BUD8, SCC4, 
INO2, CDC55, ELP2, RAD27, MRX1, GID8, AFT1, MRE11, FKH1, FYV8, RRP6, EPL1, HMT1, SCH9, 
MYO1, CAB3, GEP3, TRF5, POG1, IRC4, DHH1, SPS18, XDJ1, AIM14, ERF2, ECM2, MET4, RGT2, 
DBP1, SSC1, UTR2, PEX1, BUD31, MRC1, SFP1, ATM1, ARP5, PEX8, PKP1, BUD27, HCM1, HLR1, 
SDS23, BMT6, BUD23, CAR2, SHS1, MPS3, MSS51, VPS16, SPO23, ILV1, CLN3, NOP14, MRN1, LDS2, 
MPH1, PSR2, NPL3, NUP2, TUP1, BDF1, RTS1, GAS1, HPR1, PUS1, SLT2, DSE1, CBP2, EXO5, YTA12, 
HEM1, YOR338W, SPO21, YHP1, SDA1, DPS1, NTH1, ALD5, CDC20, MAE1, DBP7, STB3, BRO1, LGE1, 
YNL190W, DUS4, MMS1, WTM2, SUL2, WHI3, PRP19, PSR1, MNN4, ARE2, PTC5, MET12, SPS1, SLX4, 
ISY1, IZH3, KAR1, FRD1, BI4, RCL1, VPS53, CDC9, GZF3, CDC11, MUD2, PTC3, IRS4, RRP9, BRE5, 
HEM3, RSP5, YBR238C, FRA1, UTH1, HAP4, YHM2, SLG1, HOS4, CMR1, IMH1, ALD5, CNA1, YRF1-7, 
COQ1, PRB1, SMI1, NHA1, CTR9, YRF1-6, BIK1, YCK3, ETP1, YRF1-5, DBP3 
 




LAS17, SLK19, VTS1, VAN1, SLX5, SEC1, CRN1, RFU1, NFS1, TOS8, YGR054W, IFH1, UTP15, MSS116, 
CAF4, MMT1, PCL8, RTT101, PKH1, INN1, YCL001W-B, EAF1, RIO1, CBK1, SNF2, YJR084W, EPS1, 
STD1, CMP2, GPB1, STE12, YKU80, POP2, HOS3, MLP1, RAD23, UPC2, BCK2, MED1, UBP13, SPA2, 
UBP10, CHS5, YSC84, RCK1, MKC7, TMN2, FET5, YCR061W, TEL1, YCL001W-A, MLP1, ERF2, NRD1, 
UBC11, PUF4, FAR10, ADA2, NTH1, INO2, CDC55, ELP2, GID8, AFT1, MRE11, FKH1, RRP6, EPL1, 
SCH9, HMT1, TRF5, POG1, MGA1, SPS18, DHH1, XDJ1, AIM14, MET4, MPT5, DBP1, RGT2, SSC1, 
PEX1, MRC1, SFP1, ATM1, ARP5, PET111, BUD27, HCM1, SDS23, MPS3, MSS51, VPS16, SPP41, CLN3, 
MRN1, MPH1, NPL3, NUP2, TUP1, BDF1, RTS1, GAS1, HPR1, SLT2, DSE1, YOR338W, SDA1, YHP1, 
CDC20, STB3, BRO1, LGE1, MMS1, WTM2, SUL2, WHI3, MNN4, PTC5, SPS1, SLX4, IZH3, RCL1, VPS53, 
GZF3, CDC11, PTC3, IRS4, BRE5, RSP5, FRA1, UTH1, HAP4, HOS4, SLG1, CMR1, CNA1, YRF1-7, SMI1, 
NHA1, CTR9, YRF1-6, BIK1, YCK3, YRF1-5 
 
Positive regulation of biological 
process (7.87E-04) 
 
LAS17, SLK19, VTS1, SEC1, CRN1, IFH1, UTP15, RIO1, SNF2, STD1, GPB1, STE12, POP2, HOS3, MLP1, 
UPC2, BCK2, MED1, SPA2, PUF4, ADA2, NTH1, INO2, CDC55, GID8, AFT1, FKH1, EPL1, SCH9, 
HMT1, MET4, MPT5, SSC1, SFP1, PET111, HCM1, MSS51, NPL3, BDF1, HPR1, SLT2, YOR338W, SDA1, 
CDC20, STB3, BRO1, WTM2, WHI3, GZF3, CDC11, RSP5, UTH1, HAP4, SLG1, CTR9 
Regulation of cellular process 
(1.69E-07) 
 
LAS17, SLK19, VTS1, SLX5, SEC1, CRN1, RFU1, TOS8, YGR054W, IFH1, UTP15, MSS116, CAF4, 
MMT1, PCL8, RTT101, PKH1, EAF1, RIO1, CBK1, SNF2, YJR084W, EPS1, STD1, CMP2, GPB1, STE12, 
YKU80, POP2, HOS3, MLP1, RAD23, UPC2, BCK2, MED1, SPA2, UBP10, CHS5, YSC84, RCK1, MKC7, 
MLP1, UBC11, PUF4, FAR10, ADA2, NTH1, INO2, CDC55, ELP2, GID8, AFT1, MRE11, FKH1, EPL1, 
SCH9, HMT1, POG1, MGA1, DHH1, AIM14, MET4, MPT5, RGT2, SSC1, MRC1, SFP1, ARP5, PET111, 
BUD27, HCM1, SDS23, MPS3, MSS51, VPS16, SPP41, CLN3, MRN1, MPH1, NPL3, NUP2, TUP1, BDF1, 
RTS1, GAS1, HPR1, SLT2, DSE1, YOR338W, SDA1, YHP1, CDC20, STB3, BRO1, LGE1, MMS1, WTM2, 
WHI3, SPS1, SLX4, GZF3, CDC11, PTC3, IRS4, BRE5, RSP5, FRA1, UTH1, HAP4, HOS4, SLG1, CMR1, 
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Regulation of nitrogen compound 
metabolic process (2.03E-04) 
 
VTS1, SLX5, RFU1, YGR054W, TOS8, IFH1, UTP15, MSS116, CAF4, PCL8, PKH1, EAF1, RIO1, SNF2, 
STD1, GPB1, STE12, YKU80, POP2, HOS3, MLP1, UPC2, RAD23, MED1, UBP10, CHS5, PUF4, ADA2, 
NTH1, INO2, CDC55, ELP2, AFT1, MRE11, FKH1, EPL1, SCH9, HMT1, POG1, MGA1, DHH1, MET4, 
MPT5, SSC1, MRC1, SFP1, ARP5, PET111, BUD27, HCM1, MPS3, MSS51, SPP41, CLN3, MRN1, MPH1, 
NPL3, NUP2, TUP1, BDF1, HPR1, GAS1, YOR338W, YHP1, CDC20, STB3, BRO1, LGE1, WTM2, WHI3, 
SLX4, GZF3, CDC11, PTC3, IRS4, RSP5, FRA1, UTH1, HAP4, CTR9, SMI1 
 




VTS1, SLX5, YGR054W, TOS8, IFH1, UTP15, MSS116, CAF4, PCL8, EAF1, RIO1, SNF2, STD1, STE12, 
YKU80, POP2, HOS3, MLP1, UPC2, RAD23, MED1, UBP10, CHS5, PUF4, ADA2, NTH1, INO2, CDC55, 
ELP2, GID8, AFT1, MRE11, FKH1, EPL1, SCH9, HMT1, POG1, MGA1, DHH1, MET4, MPT5, MRC1, 
SFP1, ARP5, PET111, BUD27, HCM1, MPS3, MSS51, SPP41, CLN3, MRN1, NPL3, NUP2, TUP1, BDF1, 
HPR1, GAS1, YOR338W, YHP1, STB3, LGE1, WTM2, WHI3, GZF3, IRS4, RSP5, FRA1, UTH1, HAP4, 
CTR9, SMI1 
Cell cycle (2.34E-02) 
 
SLK19, YOL019W, CWC2, RTT101, INN1, RIO1, HOS3, MLP1, BCK2, SPA2, CHS5, DSN1, MSO1, 
FAR10, LSG1, BUD8, SCC4, CDC55, GID8, AFT1, MRE11, FKH1, EPL1, MYO1, TRF5, POG1, BUD31, 
MRC1, HCM1, BUD23, SHS1, MPS3, SPO23, CLN3, LDS2, RTS1, DSE1, YOR338W, SPO21, SDA1, 
YHP1, CDC20, LGE1, MMS1, WTM2, WHI3, SPS1, KAR1, CDC9, CDC11, UTH1, SLG1, CTR9, BIK1 
 
Cellular component organization or 
biogenesis (1.10E-02) 
 
LAS17, SLK19, YOL019W, YME1, VAN1, UBX2, SLX5, CRN1, NFS1, IFH1, UTP15, CAF4, MRM1, CWC2, 
RRP14, NOG2, PKH1, INN1, YCL001W-B, INP1, EAF1, RIO1, CBK1, EXO84, PIR3, CCM1, SNF2, 
YJR084W, YKU80, VAC17, HOS3, MLP1, UBP13, SPA2, UBP10, CHS5, YSC84, MKC7, YCR061W, TEL1, 
USO1, YCL001W-A, PUS7, ERF2, SEY1, DSN1, KTR7, MSO1, PUF4, ADA2, LSG1, RPA34, SCC4, CDC55, 
RAD27, AFT1, MRE11, FKH1, RRP6, EPL1, SCH9, HMT1, MYO1, GEP3, DHH1, XDJ1, ECM2, SSC1, 
UTR2, PEX1, MRC1, SFP1, ARP5, PEX8, PET111, BUD27, HCM1, HLR1, BMT6, BUD23, SHS1, MPS3, 
MSS51, VPS16, CLN3, NOP14, MRN1, LDS2, MPH1, NPL3, NUP2, TUP1, BDF1, RTS1, GAS1, SLT2, 
DSE1, EXO5, YTA12, YOR338W, SPO21, SDA1, DBP7, BRO1, LGE1, WHI3, PRP19, SPS1, ISY1, KAR1, 
RCL1, ALB1, CDC9, MUD2, IRS4, RRP9, RSP5, UTH1, HOS4, YHM2, SLG1, CNA1, YRF1-7, SMI1, YRF1-
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multiple	 functions,	 including	 its	powerful	antioxidant	effect,	which	 is	one	of	 its	best-
studied	 attributes	 in	 mammals	 (Reiter	 et	 al.,	 2016).	 The	Wine	 Biotechnology	 group	
(yeast	subgroup)	at	Rovira	i	Virgili	University,	where	the	present	thesis	was	performed,	
is	 one	 of	 the	 first	 groups	 to	 relate	 the	 production	 of	 melatonin	 by	 Saccharomyces	
cerevisiae	to	wine	alcoholic	fermentation	(Rodriguez-Naranjo	et	al.,	2011,	2012).	Since	
then,	most	studies	on	melatonin	 in	yeasts	have	focused	their	attention	on	melatonin	
production	 and	 detection	 (Fernández-Cruz	 et	 al.,	 2017;	 Muñiz-Calvo	 et	 al.,	 2017;	
Vigentini	et	al.,	2015),	but	the	role	of	melatonin	in	yeast	is	completely	unknown.	
In	addition	to	being	the	simplest	eukaryote	model,	S.	cerevisiae	has	been	considered	the	
primary	 yeast	 for	 use	 in	 the	 winemaking	 process.	 Even	 though	 it	 remains	 the	 best	
candidate	for	performing	alcoholic	fermentation,	there	is	an	increasing	interest	in	the	
utilization	 of	 non-Saccharomyes	 species,	with	 a	 view	 towards	 developing	 consumer-
directed	 wines	 with	 differentiated	 styles	 (González-Royo	 et	 al.,	 2015;	 Padilla	 et	 al.,	
2016).	The	winemaking	process	is	a	hostile	environment	for	yeasts,	especially	for	non-
Saccharomyces	that	are	considered	less	resistant	species	than	S.	cerevisiae	for	enduring	






diminishing	 cellular	 oxidative	 damage	 during	 the	 biotechnological	 production	 of	 dry	
starters	 (Gamero-Sandemetrio	 et	 al.,	 2015)	 or	 even	 for	 use	 as	 potential	 therapeutic	
targets	for	several	oxidative	stress-related	diseases	(Escoté	et	al.,	2012;	Gutteridge	and	








compared	 the	 oxidative	 stress	 responses	 between	 Saccharomyces	 and	 non-
Saccharomyces	wine	yeast	species.		
Ø Effect	of	oxidative	stress	on	Saccharomyces	and	non-Saccharomyces	yeasts	
Different	 approaches	 have	 been	 commonly	 employed	 to	 determine	 the	 effect	 of	
induced	 oxidative	 stress	 on	 yeasts.	 In	 the	 present	 work,	 we	 aimed	 to	 compare	 the	




lipid	 composition.	 Thus,	 the	 results	 give	 us	 a	 general	 view	 of	 the	 consequences	 of	
oxidative	 stress	 in	 yeast,	 including	 free	 radical	 production	 by	 oxidative	 stress,	








related	 to	 hydroperoxide	 signaling.	 In	 the	 absence	 of	 stress,	 these	 cells	 accumulate	
higher	 PUFA	 contents,	 which	 in	 turn	 generate	 low	 but	 significant	 amounts	 of	 lipid	
peroxidation	products.	Those	products	are	able	to	act	as	signaling	molecules	to	activate	
the	enzymes	involved	in	yeast	antioxidant	defense	systems	(Chen	et	al.,	2006;	Cipak	et	
al.,	 2008),	 such	 as	 cytosolic	 and	 peroxisomal	 catalases	 (Cipak	 et	 al.,	 2008).	 As	 a	
consequence,	these	yeasts	would	be	better	prepared	for	subsequent	stresses,	including	
oxidative	stress.	In	fact,	the	catalase	activity	was	higher	in	non-conventional	yeasts	in	
the	 absence	 of	 stress.	 However,	 no	 clear	 differences	were	 observed	 in	 this	 enzyme	











































proliferation,	 which	 was	 surely	 due	 to	 the	 glucose	 repression	 of	 genes	 encoding	
peroxisome	oxidation	 (Hiltunen	et	 al.,	 2003).	 Instead,	T.	 delbrueckii	 needs	 functional	
peroxisomes	as	a	major	site	of	oxygen	utilization.	After	stress	exposure,	the	peroxisomes	
of	the	TdB	strain	were	more	frequently	induced,	probably	by	the	capacity	to	synthesize	











As	 reported	 in	mammals	 (Rodriguez	et	al.,	2004),	our	 results	 showed	 that	melatonin	
easily	 enters	 the	 S.	 cerevisiae	 cell	 and	 is	 detected	 intracellularly	 at	 nanomolar	
concentrations.	 This	 property	 has	 been	 attributed	 to	 its	 amphiphilic	 nature,	 which	
allows	it	to	cross	all	membranes	and	arrive	at	the	intracellular	compartments,	where	it	
may	directly	exert	its	antioxidant	actions	(Galano	et	al.,	2011;	Rodriguez	et	al.,	2004).	
Nevertheless,	 melatonin	 has	 also	 been	 reported	 to	 be	 transported	 by	 glucose	 or	
oligopeptide	 transporters	 (Hevia	 et	 al.,	 2015;	 Huo	 et	 al.,	 2017).	 In	 this	 study,	 we	
observed	that	melatonin	activated	the	genes	of	some	permeases	in	S.	cerevisiae,	which	
could	 be	 candidate	 melatonin	 transporters	 in	 yeast,	 opening	 the	 doors	 to	 further	
research.	
The	 cells	 that	were	 previously	 grown	with	 exogenous	melatonin	 (5	µM),	 and	 in	 the	
absence	of	oxidative	 stress,	 showed	 few	changes	with	 respect	 to	 their	 cellular	 redox	







(non-toxic	 levels)	 could	 serve	 as	 signaling	molecules	 to	 prepare	 antioxidant	 defense	
systems,	such	as	catalase	activity,	amongst	others	(Chen	et	al.,	2006;	Cipak	et	al.,	2008).	
The	catalase	activity	slightly	increased	in	the	presence	of	melatonin.	Furthermore,	the	
phosphatidic	 acid	 (PA),	 cardiolipin	 and	 peroxisomes	 proliferation	 were	 significantly	
higher	in	the	presence	of	melatonin;	indicating	that	melatonin	may	act	by	increasing	the	
electron	 transport	 chain	 activity	 in	 mitochondria,	 and	 consequently	 increasing	 b-
oxidation	in	peroxisomes.	In	addition,	significant	changes	were	observed	in	other	lipids:	
melatonin	 decreased	 the	 total	 sterol	 levels,	 basically	 by	 lowering	 the	 amounts	 of	





of	metals.	 Regardless	 of	melatonin,	when	 cells	 entered	 in	 the	 stationary	 phase	 they	
derepressed	all	the	tested	genes	encoding	antioxidant	enzymes	when	the	glucose	was	
exhausted.	Nevertheless,	 the	 presence	 of	melatonin	maintained	 the	 genes	 encoding	
glutathione	 production	 (GSH),	 glutathione	 peroxidase	 (GPX1),	 glutathione	 reductase	
(GLR1),	 peroxisomal	 catalase	 (CTA1),	 both	 Sod	 dismutases	 (SOD1	 and	 SOD2),	
glutaredoxin	(GRX2)	and	thioredoxin	(TRX2),	highly	expressed.	This	up-regulation	seems	





inoculations,	 especially	 when	 stress	 was	 applied	 during	 the	 early	 exponential	 and	
stationary	 phases.	 Under	 these	 redox	 imbalance	 conditions,	 the	 cells	 initiated	 a	
remodeling	 process	 of	 their	 cellular	 machinery,	 which	 involved	 changes	 at	 the	
transcriptional	 level	 to	 fully	 activate	 all	 the	 genes	 involved	 in	 the	 oxidative	 stress	
response	as	well	as	the	general	stress	response	to	maintain	a	proper	redox	state	(Costa	






was	 observed	 in	 the	 different	 yeast	 species,	 which	 involved	 changes	 in	 their	 lipid	
composition.	
Under	these	adverse	conditions,	the	presence	of	melatonin	was	clearly	able	to	mitigate	
ROS	 accumulation	 and	 lipid	 peroxidation.	 In	 fact,	 stressed	 cells	 that	 incorporated	





oxidative	 stress.	Moreover,	 the	 antioxidant	 function	was	 one	 of	 the	most	 important	
molecular	functions	attributed	to	melatonin	in	our	transcriptomic	assay.	
It	 is	 important	 to	 highlight	 that	 cells	 previously	 treated	 with	 melatonin	 which	 are	
exposed	to	oxidative	stress	have	up-regulated,	among	others,	genes	associated	with	the	
gluthathione/	glutaredoxin	and	thioredoxin	systems,	which	have	been	correlated	with	
higher	 levels	of	 reduced	glutathione	and	 lower	 levels	of	 its	oxidized	form.	Therefore,	
melatonin	seems	to	activate	these	glutathione/glutaredoxin	and	thioredoxin	systems,	
which	are	considered	essential	under	aerobic	and	anaerobic	conditions	(Herrero	et	al.,	
2008),	 and	 which	 provide	 the	 most	 important	 protection	 against	 oxidative	 stress	
generated	by	ROS	and	hydroperoxides	 in	S.	 cerevisiae	 (Auchère	et	al.,	 2008;	Gómez-
Pastor	 et	 al.,	 2012).	 These	 defense	mechanisms	 for	 detoxifying	 ROS	 can	 act	 in	 both	
cytosolic	 and	 mitochondrial	 compartments.	 Thus,	 melatonin	 could	 also	 cross	
mitochondrial	membranes	acting	as	a	mitochondria-targeted	antioxidant	in	S.	cerevisiae	
both	at	the	physiological	level,	by	reducing	ROS	accumulation,	and	at	the	transcriptional	













length	 fatty	 acids	 after	 oxidative	 stress	 exposure.	 Regarding	 sterols,	 melatonin	 also	
increased	the	total	 levels	of	sterols,	 leading	to	a	higher	ergosterol/squalene	ratio.	As	
discussed	 before,	 both	 the	 UFA/SFA	 and	 ergosterol/squalene	 ratios	 have	 been	
correlated	with	higher	tolerance	to	oxidative	stress.	As	a	consequence,	melatonin	could	
increase	 the	b-oxidation	within	peroxisomes.	Moreover,	melatonin	produced	cellular	
changes	 at	 the	 transcriptomic	 level,	 which	 would	 imply	 changes	 in	 fatty	 acid	
degradation,	 the	 glycolysis/gluconeogenesis	 pathway,	 peroxisomal	 matrix,	 pyruvate	
metabolism,	 amino	 acid	metabolism	 and	 nucleotide	 repair.	 According	 to	 Zhao	 et	 al.	







more	 resistant	 ones.	 In	 any	 case,	 the	melatonin	 in	 unstressed	 cells	 also	 seemed	 to	
activate	 catalase	 activity	 indirectly	 in	 S.	 cerevisiae,	 T.	 delbrueckii	 and	H.	 uvarum.	 In	
stressed	 cells,	 melatonin	 partially	 mitigated	 oxidative	 damage	 by	 decreasing	 ROS	
production	 and/or	 lipid	 peroxidation	 without	 increasing	 the	 catalase	 activity.	 This	




powerful	 antioxidant	properties	 in	 yeasts.	When	exogenous	melatonin	was	added	 (5	

























correct	 because	 melatonin	 is	 able	 to	 act	 as	 an	 antioxidant	 compound	 in	 both	
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ü In	 the	 absence	 of	 oxidative	 stress,	melatonin	 prepares	 cells	 to	 better	 endure	








encoding	 antioxidant	 enzymes,	 such	 as	 glutathione/glutaredoxin	 and	














total	 fatty	 acid	 content,	 primarily	 unsaturated	 fatty	 acids,	 and	 the	
































No reniego de mi naturaleza, no reniego de 
mis elecciones, de todos modos he sido 
afortunada.  
Muchas veces en el dolor se encuentran los 
placeres más profundos, las verdades más 
complejas, la felicidad más certera. 
Tan absurdo y fugaz es nuestro paso por el 
mundo, que sólo me deja tranquila el saber 
que he sido auténtica, que he logrado ser 
lo más parecida a mi que he podido. 
 
                          (Frida Kahlo) 
	
		
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
